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carried out at the Department of Structural Engineering, NTNU, Trondheim and 
supervised by Professor Kjell Arne Malo.  
The author hereby declares that this thesis and the appended papers have been 
written by him and that the presented work is a result of original research which 
has not been submitted for a degree at this university or any other institution. All 
experiments have been executed by the author.  
Haris Stamatopoulos 
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Abstract 
The competitiveness of timber structures is largely governed by the design and 
effectiveness of the connections. Connections with long axially loaded self-tapping 
screws or threaded rods embedded with an inclination to the grain direction can 
be an alternative to connections with dowel-type fasteners or glued-in rods. Self-
tapping screws and especially threaded rods with large diameters feature high 
withdrawal capacity and stiffness. This ability makes them suitable as fasteners in 
connections in order to realize stiff and strong joints.  
Eurocode 5 does not provide rules for the estimation of the withdrawal stiffness 
of axially loaded fasteners, which is necessary for the determination of the 
stiffness of connections. Some rules can be found in technical approvals; however 
they are only valid for the instantaneous withdrawal stiffness under service load 
of self-tapping screws with small diameters. Consequently, there is a complete 
lack of guidelines for the estimation of the withdrawal stiffness of threaded rods 
with larger diameters. Moreover, Eurocode 5 imposes a limitation to the angle 
between the rod-axis and the grain direction (ɲ ш30°) without taking into account 
that splitting may be prevented by reinforcement. The lack of knowledge of 
proper design, documentation of mechanical behaviour, design guidelines and 
design codes for threaded rods are barriers for the development of timber 
connections with these fasteners.  
The withdrawal properties (capacity and stiffness) of axially loaded threaded rods 
were investigated in the present thesis by use of experimental, analytical and 
numerical methods. An overview of the background information and research on 
withdrawal of screws and threaded rods is presented in Part I of the present 
thesis. Part II consists of 4 appended papers where the findings of this Ph.D. 
project are presented. Part III consists of 3 appendices where some analytical 
remarks together with the detailed experimental and numerical results are 
presented. 
The review on the existing approaches and experimental results have shown that, 
up-to-date, most research effort has been devoted on the determination of the 
withdrawal strength of self-tapping screws with diameters up to 12-14 mm. On 
the contrary, available research results for threaded rods with larger diameters 
are sparse and the vast majority of these results are limited to relatively stocky 
rods embedded either parallel or perpendicular to the grain. Therefore, the effect 
of the rod-to-grain angle and the embedment length on the withdrawal properties 
remains unknown. 
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The parameters of the experimental investigation were the rod-to-grain angle (Ƚ = 
0-90°) and the embedment length (l = 100-600 mm). Specimens with single rods 
and with a pair of rods (arranged in a row perpendicular to the plane of the grain) 
embedded in glued-laminated timber (abbr. glulam) elements were tested. 
Moreover, an analytical approach based on Volkersen theory and a bi-linear 
constitutive relationship was used for the estimation of the elastic and post-
elastic withdrawal properties. Finally, Finite Element (abbr. FE) simulations were 
performed to estimate the instantaneous withdrawal stiffness (under service 
load) and the elastic distributions of stresses and displacements. 
According to experimental observation, the specimens exhibited high withdrawal 
capacity and stiffness (without initial soft response). Based on the experimental 
results, the necessary input parameters for the analytical method were 
quantified. In particular, simple expressions for the mean and 5%-percentile 
withdrawal strength, the shear stiffness and the brittleness were developed. In 
general, the analytical estimations and the experimental results were in good 
agreement. Numerical estimations overestimated stiffness especially for small 
angles and short embedment lengths; however this overestimation was smaller in 
the case of longer rods. Finally, the experimental results from tests with pairs of 
rods showed that the effectiveness per each rod was quite high, despite the fact 
that rods were placed with small edge distances and spacings. 
Keywords: withdrawal strength, withdrawal capacity, withdrawal stiffness, 
threaded rods, timber, glulam, embedment length, rod-to-grain angle 
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Part I: 
Introduction, background and overview of 
present work 

1 
1. Introduction
1.1 Starting point and problem statement 
The competitiveness of timber structures is largely governed by the design and 
effectiveness of the connections. The manufacturing costs and the extent of 
labour can make timber structures rather expensive and thus exclude them from 
further consideration in comparison to other building materials. In addition, some 
types of connections in modern timber structures are characterized by low 
stiffness. This is especially true for beam-to-column connections where usual 
connections have only minor rotational stiffness and therefore they are 
considered as pinned. Too low stiffness in the connections results in ineffective 
moment transfer or excessive deformations. Too low overall stiffness results in 
flexible structures, unacceptable deformations and can possibly lead to instability 
or uncomfortable movements due to wind loading or vibrations. 
Without some form of bracing or moment-stiff connections, the overall structural 
stiffness can be severely reduced. To overcome this limitation separate stiffening 
structural components are usually added, like X-bracing or some type of sheeting. 
However, bracing or sheeting put strong architectural restrictions on the 
appearance as well as on the use of structures. Consequently, the use of 
structural timber is, in many situations, hampered due to lack of connections with 
high stiffness. 
For the analysis and the design of a timber structure (both for the serviceability 
limit state (abbr. SLS) and the ultimate limit state (abbr. ULS)), the following 
properties of its connections are required: 
x the stiffness of the connections under service load (SLS) 
x the stiffness of the connections for the ULS; 
x the load-carrying capacity of the connections. 
Connections with high stiffness for the SLS and ULS can enhance the performance 
of timber structures. Some examples are the following: 
x enhanced performance in the SLS;  
x enhanced vibrational performance [1]; 
x achievement of optimized moment distribution [2, 3], leading to a more 
economical design;  
x enhanced sideway stability of timber arches [4]. 
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The post-elastic behaviour of a connection and its ability to dissipate energy may, 
as well, be important with respect to robustness [5, 6] or seismic design [7]. 
The load-carrying capacity and the stiffness of traditional connections with 
fasteners loaded perpendicular to their axis (e.g. dowels, bolts or screws) are 
limited by the embedding strength and stiffness of wood as well as the bending 
capacity and stiffness of the fasteners. A typical drawback of these connections is 
the low initial stiffness as a result of the gap between the fasteners and the 
surrounding wood. Moreover, connections with dowel-type fasteners require a 
significant amount of time for assembly on site. When subjected to cyclic loading 
they are prone to the ‘pinching effect’, i.e. the stiffness degradation and thinning 
of hysteresis loops during subsequent cycles [8]. Finally, these fasteners induce 
tensile stresses perpendicular to the grain. As a result, reinforcement in the form 
of self-tapping screws (abbr. STS) or glued plates is often used to enhance their 
mechanical behaviour. 
Connections with fasteners loaded mainly along their axis (either screwed-in or 
glued-in) can be an alternative to connections with dowel-type fasteners. These 
fasteners may, to some extent, play the same role in timber structures as 
reinforcement bars do in concrete structures. They feature high withdrawal 
capacity and stiffness due to their ability to distribute stresses over their length 
and thus they can contribute to the development of strong and stiff connections. 
In comparison to the connections with dowels the pinching effect is significantly 
smaller [8]. Pre-installation in components can make them suitable for 
industrialized building concepts and reduce the erection time and labour costs on 
site. 
Connections with axially loaded glued-in-rods (e.g. [8, 9]) are prone to 
uncertainties in the constructional quality during the gluing-in process and the 
sensitivity of glue to high temperatures with respect to their capacity [10] and 
stiffness [11]. They are also characterized by a very brittle behaviour which 
combined with the uncertainties in constructional quality may put a structure at 
risk. 
Connections with axially loaded STS or threaded rods embedded with an 
inclination to the grain direction can be an alternative to connections with dowel-
type fasteners or glued-in rods. Today, STS with lengths up to 1000 mm and 
diameters up to 12-14 mm are available on the market. Threaded rods with 
diameters up to 25-30 mm can be purchased with almost any length. Inclined 
arrangements of axially loaded screws allow transfer of shear, tensile and 
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compressive forces parallel to their axis and moment-resisting connections are 
possible, see for example [12].  
Connections with axially loaded fasteners embedded with small inclinations to the 
grain direction are prone to splitting cracks. Furthermore, cracking perpendicular 
to the grain can also occur due to moisture induced stresses [13]. Moisture 
induced stresses are generally highest at member ends where connections are 
usually located. However, the inclined STS or threaded rods of the connection can 
arrest cracks which may form along the grain, and thus transfer stresses across 
cracks. Moreover, cracking may be reduced by the introduction of reinforcement 
in the form of long self-tapping screws, see for example [14, 15]. Reinforcements 
can also reduce the brittleness of connections.    
For axially load loaded screws, the risk of cracks and consequently brittle failure 
modes is probably the major reason for the lack of design rules. Eurocode 5 (abbr. 
EC5) [16] imposes a limitation to the angle between the screw-axis and the grain 
direction (Ƚ шϯϬΣͿǁŝƚhout taking into account that splitting may be prevented by 
reinforcement. This limitation leads to a lack of guidelines for the strength 
verification of STS and threaded rods embedded with small inclinations to the 
grain direction. Ductile connections can be achieved by use of capacity design 
[17]. In this case, the embedment length which is required to achieve ductile steel 
failure is required.  
EC5 [16] contains no rules for the withdrawal stiffness of axially loaded screws 
which is necessary for the determination of the stiffness of connections, see for 
example [18, 19]. Some rules for the determination of the withdrawal stiffness of 
STS with diameters up to 12-14 mm can be found in some technical approvals. 
However, for threaded rods with greater diameters there is lack of guidelines 
concerning their stiffness properties. The respective available research results are 
generally limited to relatively short threaded rods embedded either parallel or 
perpendicular to the grain, see for example [20, 21]; exception is the experimental 
investigation carried out by ůĂɴ ĂŶĚ <ƌƺŐĞƌ [22] for threaded rods with 
embedment lengths 200 and 400 mm and Ƚ= 45°, 90°. Moreover, EC5 [16] 
provides no means for the estimation of the distributions of stresses and 
displacements.  
Finally, a pair of axially loaded threaded rods in a connection can be sufficient to 
achieve high capacity and stiffness. In order to avoid block failures, it is favourable 
to insert rods in a ‘parallel’ configuration, i.e. in a row perpendicular to the plane 
of the grain. The minimum required width of a timber element is governed by the 
minimum edge distances and spacings according to EC5 [16]. For threaded rods 
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with large diameters the minimum required width is also large and it may be 
necessary to insert the rods with smaller edge distances and spacings due to lack 
of available width. Therefore, the effect of small edge distances and spacings on 
the withdrawal properties is worth investigating. 
In short, the lack of knowledge of proper design, documentation of mechanical 
behaviour, design guidelines and design codes for STS and threaded rods are 
obstacles for the development of timber connections with these fasteners.  
 
1.2 Objectives 
With respect to the problem statement in Section 1.1, the aim of the research 
presented in this thesis is to provide more comprehensive knowledge about the 
behaviour of long axially loaded threaded rods with respect to their capacity and 
their elastic and post-elastic deformation. The following objectives are pursued:  
x Review of existing approaches and experimental results. 
x Investigation of the withdrawal capacity of single axially loaded threaded 
rods with varying embedment length and rod-to-grain angle, with 
emphasis given for angles in the range 0-30° where there is a lack of 
design rules and experimental results. The determination of the 
embedment length which is required to achieve ductile steel failure is also 
an objective with respect to capacity. 
x Investigation of the elastic and post-elastic deformation of single axially 
loaded threaded rods and determination of the withdrawal stiffness.  
x Investigation of the withdrawal properties of pairs of threaded rods with 
small edge distances and spacings embedded in ‘parallel’, i.e. in a row 
perpendicular to the plane of the grain. 
x Development of methods for the estimation of stress distributions and 
displacement of threaded rods. 
 
1.3 Limitations 
The scope of the present thesis is subjected to the following limitations: 
x The withdrawal behaviour of rods subjected to static short-term 
monotonic loading is investigated. The withdrawal of rods subjected to 
cyclic, dynamic or long-term loading is not covered and therefore the 
effects of rate of loading and duration of load are not studied.  
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x Only rods subjected to axial forces are considered. The interaction 
between axial and lateral forces is not studied. 
x The withdrawal behaviour of STS with diameters up to 12-14 mm has 
been studied by many researchers. In this project, only one type of rods is 
used, in particular SFS WB-T-20 rods [23] with a diameter of 20 mm.  
x Only one strength class of glulam (combined glulam of Scandinavian class 
L40c) was used in the experimental investigation.   
x All specimens were conditioned to standard temperature and relative 
humidity conditions (20°C/65%RH) leading to approximately 12% moisture 
content (abbr. MC) in the wood. Therefore the investigation of climate 
effects is not part of this study. Besides, the influence of MC on the 
withdrawal properties has already been investigated for STS, see for 
example  [24, 25]. 
1.4 Structure of the present thesis 
The present thesis is divided in three parts: 
x Part I consists of 5 chapters, including this one. A description of the 
objectives and limitations of the present work is given. Moreover, an 
overview of the background research and the present work is provided. 
x Part II consists of 4 appended papers. In Papers i and ii the elastic and 
post-elastic behaviour of axially loaded rods is studied. In Paper iii, the 
behaviour of pairs of threaded rods embedded with small edge distances 
and spacings is investigated. In Paper iv, the characteristic withdrawal 
capacity of single rods is studied.  
x Part III consists of 3 appendices. In Appendix A, some analytical remarks 
are provided. In Appendix B, the experimental results for single rods are 
presented in detail. In Appendix C, the numerical results for single rods 
are presented in detail.  
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2. Self-tapping screws and threaded rods 
2.1 General remarks 
Screws for structural timber applications are produced with a variety of sizes and 
shapes, as shown in Figures 2.1 and 2.2. The European basis for the design of 
screws is provided by Section 8.7 of Eurocode 5 [16] and by European Technical 
Approvals (abbr. ETAs). Some ETAs provide also design rules for applications 
which are not covered by the present version of EC5 [16].  
As shown in Figure 2.1 [26], a screw has some or all of the following features: 
x head with drive; 
x shank; 
x shank cutter; 
x threaded part; 
x tip. 
The head diameter, the outer-thread diameter and the core diameter are denoted 
h,  and c respectively (note that the symbol 1 is used for the core diameter in 
EC5 [16] or for the outer-thread diameter elsewhere, see for example [27]). The 
outer-thread diameter is also referred to as nominal diameter or just diameter. 
The length of the threaded part is denoted lg. The length of the threaded part 
which is embedded in the timber, is commonly referred to as the 
embedment/penetration/anchorage length l or as the effective length lef in EC5 
[16]. Some researchers (e.g. [24, 28]) consider a value of lef smaller than l to take 
into account the effect of the tip.   
According to EC5 [16], metal fasteners should comply with EN 14592 [29]. In this 
standard, the following requirements for screws are specified: 
x Screws should be produced from mild steel or carbon steel wires or 
austenitic stainless steel wire. 
x The diameter of screws should not be less than 2.4 mm and not greater 
than 24 mm, i.e. 2.4 mm ч  ч 24 mm. 
x The core diameter should not be less than 60% and not more than 90% of 
the diameter, i.e. 0.6 ч c ч0.9. 
x Screws should be threaded over a length at least equal to four times the 
nominal diameter, i.e. lg ш 4. 
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x Characteristic values of (a) yield moment, (b) withdrawal strength 
parameter, (c) head pull-through parameter, (d) tensile capacity and (e) 
torsional ratio should be specified according to relevant standards [30-
33]. 
x The grade of the parent material or the thickness of coating should be 
declared in accordance to annex A of EN 14592 [29], where corrosion 
protection is required. 
Screws not complying with the requirements of EN 14592 [29] can be used, given 
that their applicability is proven by a technical approval. According to EC5 [16], lef 
should be at least 6 for axially loaded screws and 4 for laterally loaded screws. 
Figure 2.1: Features of self-tapping screws [26]
Figure 2.2: Threaded rods 
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Depending on the manufacturing techniques, screws can be divided in two 
categories [29, 34]:  
x Traditional screws: Traditional screws are typically threaded over a part 
of their length. Their threaded part is turned down from the original rod 
diameter and therefore their shank diameter is equal to the outer-thread 
diameter. The mechanical properties of steel are not influenced by the 
manufacturing technique. Due to the time-consuming and costly 
manufacturing process and the low strength, traditional screws are not 
used to a large extent in timber structures [34]. Traditional screws with a 
shank diameter greater than 6 mm should be driven in pre-drilled holes, 
given that the timber density is not exceeding 500 kg/m3 [16]. For higher 
timber densities the pre-drilling diameter should be determined by tests. 
x Self-tapping screws and threaded rods: Their threaded part is produced 
by rolling or forging the wire rod and therefore their shank diameter is 
thinner compared to the maximum outer-thread diameter. This process 
results in steel hardening which leads to increased bending, torsional and 
tensile strength but also to a decrease in ductility. STS with outer-thread 
diameters up to 12-14 mm and length up to 1000 mm are available today 
on the market. STS may be threaded over a part of their length or over 
their entire length, see Figure 2.1. On the other hand, threaded rods 
feature diameters greater than 15 mm and lengths up to 3000 mm. 
Threaded rods are typically threaded over their entire length. They are 
always driven in pre-drilled holes. The diameter and the depth of the lead 
hole should be equal to the core diameter and the embedment length of 
the rod, respectively. Threaded rods are also referred to as lagscrews. 
Screws and threaded rods are useful in a wide range of applications in timber 
engineering. Axially loaded screws embedded with an inclination to the grain, 
have the ability to carry stresses through shear in areas subjected to stresses 
perpendicular to the grain. Therefore they can prevent or bridge cracks and 
increase the capacity and stiffness in several applications. This ability makes them 
suitable in the following applications:  
x reinforcement of notched members  [14, 35-38] ;  
x reinforcement of members with holes [14, 35, 39, 40]; 
x perpendicular to the grain reinforcements in connections [14, 35, 41-45]; 
x reinforcement against moisture induced stresses [46]; 
x reinforcement in the apex zones of double tapered, curved and pitched 
cambered beams [35, 47]; 
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x reinforcement in members subjected to compressive stresses 
perpendicular to the grain [14, 48];  
x shear reinforcement of members [15, 49]; 
x connection of composite floors or elements [50-52]. 
A comprehensive state-of-the-art report of self-tapping screws as reinforcements 
can be found here [26].  
Long screws and threaded rods feature high withdrawal capacity and stiffness due 
to their ability to distribute shear stresses over their length. This ability makes 
them suitable as fasteners in connections in order to realize stiff and strong axially 
loaded or moment-resisting joints. An overview is given in Section2.3. 
 
2.2 European design regulations 
According to EC5 [16], for the verification of resistance of axially loaded screws 
the following failure modes should be taken into account:   
x the withdrawal failure of the threaded part of the screw; 
x the tear-off failure of the screw head; 
x the pull-through failure of the screw head;  
x the tensile failure of the screw; 
x the buckling failure of the screw when loaded in compression; 
x block shear or plug shear for axially loaded group of screws. 
The effectiveness of connections with axially loaded screws may be influenced by 
insufficient edge and end distances and spacings, as failure modes (splitting or 
block shear) other than withdrawal may occur. In order to take this into account, 
modern design codes and technical approvals set restrictions on the minimum 
edge and end distances and spacings. The minimum edge and end distances and 
spacings are typically provided as multiple of the diameter. The minimum edge 
and end distances and spacings according to Eurocode 5, EC5 [16] are provided in 
Table 2.1. The associated definitions are specified in Figure 2.3. Recent research 
[53] has shown that block shear failure can occur, even if the minimum spacings 
are maintained.  
The insertion of screws in pre-drilled holes has a positive effect with respect to 
splitting prevention. DIN 1052 [35] and some technical approvals take into 
account this positive effect of pre-drilling and allow for reduced edge and end 
distances and spacings where screws are embedded in pre-drilled holes. However, 
this positive effect of pre-drilling is not taken into account by EC5 [16]. 
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Figure 2.3: Definitions of edge and end distances and spacings according to EC5 
[16] 
 
Table 2.1: Minimum edge and end distances and spacings according to EC5 [16] 
a1 7 
a1.CG 10 
a2 5 
a2.CG 4 
 
According to EC5 [16], for connections with axially loaded screws the 
characteristic withdrawal capacity is given as the product of the effective number 
of screws nef, the withdrawal strength parameter fǤȽǤ, the diameter and the 
embedment length, see Equation (2.1). The withdrawal strength parameter 
expresses the capacity of a single screw normalized to the product of the 
diameter and the embedment length (i.e. it equals the withdrawal strength times 
ʋͿ͘dŚĞĞĨĨĞĐƚŝǀĞŶƵŵďĞƌŽĨƐĐƌĞǁƐŝƐƚĂŬĞŶĂƐƚŚĞĂĐƚƵĂůŶƵmber in the power of 
0.9, i.e. nef = n0.9 and it also applies to the calculation of the tensile and pull-
through capacities of connections with multiple screws. 
11 
 
ܨ௔௫.஑.ோ௞ =  ݊௘௙ ή ௔݂௫.஑.௞ ή ݀ ή ݈௘௙ (2.1) 
Equation (2.1) provides the characteristic withdrawal capacity both for tensile and 
compressive loading of the screw.  
According to studies [54, 55], the shape of the thread has not a very significant 
influence on the withdrawal strength. On the other hand, it is mainly depended 
on the strength class (typically expressed in terms of timber density), the diameter 
and the angle, Ƚ, between the screw axis and the grain direction. It is generally 
higher for decreasing diameter due to size effect. With regard to the angle, the 
characteristic withdrawal strength is highest for Ƚ їϵϬΣ͘dŚŝƐŝƐŐĞŶĞƌĂůůǇŶŽƚƚƌƵĞ
in terms of mean values but results from the lower variability of the withdrawal 
strength for increasing angles. This difference in the variability can be attributed 
to the difference in the failure mode.  
For screws embedded parallel to the grain, the surrounding wood is subjected to a 
combination of longitudinal shear, radial compression, tangential tension and 
axial stress parallel to the grain. Brittle failure takes place at the interface due to 
longitudinal shear. The behaviour is stiff and the deformation capacity is small. 
For screws embedded perpendicular to the grain, the surrounding wood is 
subjected to cross-grain shear, rolling shear and axial stresses both parallel and 
perpendicular to the grain depending on the circumferential point. The failure 
takes place due to cracks which form along the fibres which are bended and 
subjected to extensive normal deformation. The behaviour is softer, less brittle 
and characterized by higher deformation capacity. The stress-state is more 
complex for screws embedded with an angle to the grain. 
For screws complying with the requirements of EN 14592 [29] with 6 ŵŵч чϭϮ 
ŵŵĂŶĚϬ͘ϲϬчc/ чϬ͘ϳϱ͕ƚŚĞĐŚĂƌĂĐƚĞƌŝƐƚŝĐǁŝƚŚĚƌĂǁĂůstrength parameter is 
given by Equation (2.2) [16](fǤȽǤ in MPa,  and lef in mm and ɏ in kg/m3).  
௔݂௫.஑.௞ =
0.52 ή ݀ ଴ି.ହ ή ݈௘௙ି଴.ଵ ή ߩ௞଴.଼
1.2 ή cosଶߙ+ sinଶߙ ή ݇ௗ    (ߙ ൒ 30°) 
(2.2) 
where  = min(/8, 1). For all other screws the withdrawal strength parameter is 
given by Equation (2.3): 
௔݂௫.஑.௞ = ௔݂௫.ଽ଴.௞1.2 ή cosଶߙ+ sinଶߙ ή ൬
ߩ௞
ߩୟ൰
଴.଼
    (ߙ ൒ 30°) (2.3) 
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where fǤͿͶǤ is the characteristic withdrawal strength parameter perpendicular to 
the grain, determined in accordance with EN 14592 [29] for the associated density 
ɏa.  
As indicated by Equations (2.2)-(2.3), EC5 [16] does not allow the installation of 
rods in an angle to the grain less than 30° in order to eliminate the risk of splitting 
failure. In practice however, it may be desired to install STS or threaded rods in an 
angle to the grain smaller than 30°, in combination with some sort of 
reinforcement to prevent splitting failure. 
The characteristic pull-through capacity of connections with axially loaded screws 
is given by Equation (2.4): 
ܨ௔௫.஑.ோ௞ =  ݊௘௙ ή ௛݂௘௔ௗ.௞ ή ݀௛ଶ ή ൬ߩ௞ߩୟ൰
଴.଼
 (2.4) 
where fǤ is the characteristic pull-through parameter of the screw determined 
in accordance with EN 14592 [29] for the associated density ɏa.  
In EC5 [16], the load-carrying capacity of fasteners loaded perpendicular to their 
axis is calculated by the modified Johansen’s equations. These equations are also 
applicable for screws by use of an effective diameter ef. For smooth shank screws 
where the smooth shank penetrates into the member (containing the tip of the 
screw) by not less than 4, ef should be taken as the smooth shank diameter. In 
all other cases ef should be taken as 1.1 times the thread root diameter. 
Moreover, in connections with laterally-loaded screws the contribution from the 
rope effect (Fax.ȽǤ /4) is 100% of the Johansen’s part. For screws subjected to 
combined axial and lateral loading a quadratic failure criterion is proposed by EC5 
[16]. 
Apart from the strength properties, the accurate estimation of deformations is 
also important for the design both in the SLS and the ULS. In the SLS, the 
instantaneous stiffness (commonly referred as slip modulus) is necessary input to 
verify the deformation according to the respective design checks. In the ULS, the 
corresponding stiffness of connections may have an influence on the distribution 
of forces and moments in the members and thus it should be accurately 
estimated and taken into account in the analysis.    
In accordance with EC5 [16], for laterally loaded screws the instantaneous slip 
modulus (under service load) per shear plane per screw is given by Equation (2.5) 
(Kser in N/mm, ɏm in kg/m3 and  in mm). The instantaneous slip modulus for the 
ULS, Ku, is calculated as 2/3 of Kser, see Equation (2.6). 
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ܭ௦௘௥ =  ߩ௠
ଵ.ହ ή ݀
23  
(2.5) 
ܭ௨ =  23 ή ܭ௦௘௥  
(2.6) 
On the other hand, EC5 [16] does not provide any guidelines for the 
determination of the withdrawal stiffness of axially loaded screws. The 
instantaneous withdrawal stiffness under service load (in short, withdrawal 
stiffness) is denoted Kw. It is also referred to as the axial slip modulus and denoted 
Kax.ser in technical approvals. Some expressions for the determination of the 
withdrawal stiffness can be found in some technical approvals as functions of the 
diameter and the embedment length. Equations (2.7)-(2.8) are two examples of 
such expressions (Kw in N/mm,  and lef in mm): 
 
x ETA-11/0190[56], ETA-13/0090 [57]: 
ܭ௪ =  780 ή ݀଴.ଶ ή ݈௘௙଴.ସ (2.7) 
x Z-9.1-472 [27]: 
ܭ௪ =  25 ή ݀ ή ݈௘௙ (2.8) 
 
With respect to the withdrawal stiffness of STS and threaded rods for the ULS, no 
guidelines can be found, up-to-date, in technical approvals. According to some 
researchers, e.g. [58, 59], the stiffness for the ULS may be assumed as the 
experimentally determined secant stiffness for a load level equal to 60% of the 
ultimate load.   
Concerning Equations (2.7)-(2.8), the following points should be emphasized: 
x Equations (2.7)-(2.8) are based on curve-fitting to experimental results 
and thus they are applicable only for the certain range of diameters and 
embedment lengths from which they have been derived. Extrapolation 
outside this range would lead to inaccurate results. Typically, such 
expressions are derived for screws with diameters up to 12-14 mm and 
therefore they are not applicable for threaded rods. This is illustrated in 
Table 2.2 where Kw is determined for various diameters and embedment 
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lengths according to Equations (2.7)-(2.8) and the method used by the 
present author [60].  
x The influence of the angle between the screw axis and grain direction is 
not taken into account. Several studies (e.g. [20, 60]) have however 
shown that the angle has a very significant influence on Kw which 
increases for decreasing angles. The results in Table 2.2 are illustrative. 
x The influence of the diameter and the embedment length is highly non-
linear in Equation (2.7) and linear in Equation (2.8). In the investigation 
carried by the present author [60], it has been shown that the withdrawal 
stiffness is almost linearly dependent on lef for small values of lef and 
almost independent for large values of lef.  
x As a consequence of the previous point, Equations (2.7)-(2.8) may lead to 
different results even when they are applied within their valid range. This 
variation can be explained by the variability of the experimental results. 
The variability in the experimental results may be attributed to the 
inherent variability of Kw but also to the lack of a standardized method to 
measure it.  
x The loading conditions are not taken into account in Equations (2.7)-(2.8) 
In general, the withdrawal stiffness of screws is much higher than their lateral 
stiffness, as indicated by the values in Table 2.2. Thus axially loaded screws and 
threaded rods can contribute to the development of joints with high stiffness. 
However, the lack of reliable models for the prediction of the withdrawal stiffness 
is a significant drawback.  
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Table 2.2: Comparison of estimated withdrawal stiffness values for screws with 
varying diameter and embedment length  
Screw 
features 
Kw 
(kN/mm) 
Kserb 
(kN/mm) 
d 
(mm) 
lef 
(mm) 
lef/d 
(-) Eq.(2.7) Eq.(2.8) 
[60] a 
ɲ= 0° 
[60] a 
ɲ= 90° Eq.(2.5) 
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40 5 5.2 8.0 9.2 6.1 
3.5 120 15 8.0 24.0 23.8 16.1 
180 22.5 9.4 36.0 30.2 20.8 
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60 5 6.6 18.0 20.5 13.4 
5.3 180 15 10.2 54.0 49.6 31.7 
270 22.5 12.0 81.0 59.9 38.4 
 
16 
 
80 5 7.8 32.0 35.9 22.7 
7.1 240 15 12.2 96.0 81.9 47.6 
360 22.5 14.3 144.0 95.5 54.6 
 
20 
 
100 5 9.0 50.0 55.4 (54.6c) 33.1 (29.1c) 
8.9 300 15 13.9 150.0 119.2 (121.0c) 61.6 (61.4c) 
450 22.5 16.4 225.0 135.0 (121.8c) 68.2 (66.6c) 
a assuming c /= 0.75 and the same geometry features as in the experimental specimens [60] 
b assuming ɏm= 470 kg/m3 
c experimental results (mean va lues) 
 
2.3 Joints with axially loaded STS and threaded rods as main fasteners 
2.3.1 Axially loaded joints  
The load-carrying capacity and stiffness of fasteners loaded perpendicular to their 
axis (e.g. dowels, screws or bolts) are limited by the wood embedding strength 
and stiffness, and the bending capacity and stiffness of the fasteners. The 
introduction of long STS led to an alternative structural concept for axially loaded 
joints. In this concept, screws are not embedded perpendicular to the member 
axes but with an inclination, as shown in Figure 2.4.  
 
16 
Figure 2.4: Axially loaded joints with inclined screws [18] 
Many researchers have investigated the behaviour of axially loaded joints with 
inclined screws [18, 61-63]. It has been shown that increasing inclination of the 
screws leads to an increase of the load-carrying capacity and stiffness of the 
joints. The experimental results obtained by Blass and Bejtka [63] are illustrative 
for the improved behaviour of joints with inclined screws. In these experiments, 
the maximum load-carrying capacity was obtained for joints where the screws 
were embedded with an inclination to the grain, Ƚ, equal to 60° and it was 53% 
higher than the capacity of the reference joint (for Ƚ= 90°). The maximum stiffness 
was obtained for Ƚ= 45° and it was 12 times higher than the stiffness of the 
reference joint. Models for calculation of the load-bearing capacity and stiffness 
of timber-to-timber joints with inclined screws can be found here [18, 61, 62]. 
Inclined screws can also be very efficient in steel-to-timber joints where steel 
plates are used as outer members. An experimental investigation as well as a 
design proposal can be found here [64].  
Another potential application of axially loaded STS or threaded rods could be the 
fastening of hangers in arch bridges. An example can be found in the conceptual 
study of the timber network arch bridge [65]. A layout is shown in Figure 2.5. In 
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such applications fatigue might be of major importance for the withdrawal 
strength.  
 
 
Figure 2.5: Network arch [65] 
 
2.3.2 Moment-resisting joints 
Threaded rods and STS have also been used as the main fasteners in moment-
resisting joints. In some cases they are embedded parallel to the grain in the beam 
(and thus perpendicular to the grain in the column), as shown in Figure 2.6a. 
Examples of such joints can be found in [17, 66]. However, timber members with 
rods or screws embedded parallel to the grain are prone to splitting due to tensile 
stresses in the vicinity of the rods. Moreover, additional reinforcement is required 
to resist shear stresses in the beam. Another drawback may be their poor long-
term behaviour [67]. To overcome these drawbacks, threaded rods may be 
embedded with an inclination to the grain, as shown on principle in Figure 2.6b. 
Examples of moment-resisting joints with inclined fasteners can be found here 
[12, 19, 68-70]. The low stiffness of the column, which is subjected to 
compression perpendicular to the grain, is a drawback. However, its stiffness can 
be enhanced by reinforcing with STS [48].  
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Figure 2.6: Moment-resisting joints with (a) straight rods [17] and  (b) inclined 
rods [19] 
 
An illustrative example of moment-resisting connection with threaded rods is the 
connection of propeller blades in massive glulam for use in a submerged floating 
power station [19]. The submerged floating power station (Figure 2.7a) is used for 
energy production based on ocean currents. The concept for the attachment of 
the propeller blades to the steel spindle head on the turbine rotor is shown in 
Figure 2.7b. It consists of long threaded steel rods installed through holes in an 
adapter steel-plate. The propeller blades carry huge moments. The design 
moment in this case was about 2500 kNm.  
 
 
Figure 2.7:  (a) Submerged floating power station and (b) concept for fastening of 
propeller blades [19] 
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3. Background
The background for the most important research and methods with respect to 
withdrawal of STS and threaded rods is given in the present Chapter. This 
background is limited to recent research on screws embedded in solid timber and 
glulam made of softwood. Examples of research on screws embedded in 
hardwood or other timber products such as LVL and CLT as well as on glued-in 
rods can be found in [71, 72], [73-75] and [76, 77], respectively. In general, two 
different approaches can be found in the literature. The first approach is based on 
regression analysis to experimental results. The second approach is analytical and 
based on Volkersen theory [78]. 
3.1 Models based on experimental results 
3.1.1 Blaɴ et al 2006, 2010 
ůĂɴĞƚĂl [79] performed about 800 withdrawal tests of STS produced by various 
manufacturers. The parameters of this investigation were the diameter (6 ŵŵч 
чϭϮ mm), the embedment length (lef чϭϮϬ mm), the angle between the screw 
and the grain direction (Ƚ= 0, 15, 30, 45, 60, 75, 90°) and the timber density. By 
regression analysis on the experimental results, they proposed the Equations 
(3.1)-(3.3) for the characteristic withdrawal capacity, the withdrawal stiffness and 
the withdrawal displacement which corresponds to the withdrawal capacity, ɁǤȽ
(FǤǤ in N, Kax.ser in N/mm, ɁǤȽ,  and lef in mm). 
ܨ௔௫.஑.ୖ௞ =
0.52 ή ξ݀ ή ݈௘௙଴.ଽ ή ߩ௞଴.଼
1.2 ή cosଶߙ+ sinଶߙ  
(3.1) 
ܭ௔௫.ୱୣ୰ = 234 · (ߩ௠ ή ݀)଴.ଶ ή ݈௘௙଴.ସ (3.2) 
ߜ௔௫.ఈ =
0.0016 ή ݀ ή ඥߩ௠ ή ݈௘௙
1.54 ή cosଶߙ+ sinଶߙ  
(3.3) 
Equation (3.1) was the basis for the equation provided in the present version of 
EC5 [16], while Equation (3.2) is the basis for Equation (2.7) which can be found in 
several technical approvals.  
ůĂɴĂŶĚ<ƌƺŐĞƌ[22] performed withdrawal tests of threaded rods embedded in 
glulam elements. The parameters of this investigation were the diameter ( = 16, 
20 
20 mm), the embedment length (lef = 200, 400 mm) and the rod-to-grain angle (Ƚ= 
45, 90°). 10 tests were performed for each combination of parameters, giving a 
total number of 80 tests. Both the withdrawal capacity and stiffness were 
determined. The withdrawal stiffness was determined for a load level equal to 
80% of the maximum load. Two stiffness values corresponding to the 
displacements on the loading point and the tip of the rod were determined 
(denoted Kax.o and Kax.u respectively). The results are summarised in Table 3.1. 
Table 3.1: Test results by ůĂɴĂŶĚ<ƌƺŐĞƌ[22] (Mean values, CoV in parentheses) 
d 
(mm) 
Ƚ 
(deg) 
l 
(mm) 
Fax 
(kN) 
Kax.o
(kN/mm) 
Kax.u 
(kN/mm) 
16 
45 200 45.6 (11%) 32.4 (21.5%) 43.7 (11%) 
45 400 92.4 (6.4%) 44.3 (8.5%) 102.0 (19%) 
90 200 37.4 (8.5%) 18.2 (11.6%) 22.4 (15%) 
90 400 94.1 (7.1%) 29.7 (11.7%) 79.0 (27%) 
20 
45 200 56.6 (11%) 37.7 (16.3%) 44.8 (22%) 
45 400 117 (7.1%) 57.7 (11.7%) 120.0 (13%) 
90 200 47.9 (7.5%) 22.6 (11.6%) 25.5 (13%) 
90 400 115 (3.8%) 37.8 (5.6%) 76.3 (15%) 
3.1.2 Pirnbacher et al 2009 
Pirnbacher et al. [24, 28] analysed a sample of 5524 withdrawal tests of STS 
embedded in solid timber and glulam elements. Screws produced by two different 
manufacturers were used in the tests. The effect of the following parameters on 
the withdrawal strength was investigated: 
x moisture content (MC= 0, 6, 12, 20 %); 
x temperature (T= -20, 0, 20, 50 °C); 
x diameter (= 8, 10, 12 mm); 
x effective length (lef = 4, 8, 12, 15); 
x embedment of the threaded part (0  ч lemb  ч 240 mm); 
x angle to the grain direction (Ƚ= 0, 12.5, …, 90°); 
x pre-drilling (with and without pre-drilling). 
The effect of each parameter on the withdrawal strength was taken into account 
by a corresponding -factor derived by the experimental results. These factors 
express the ratio of the withdrawal strength of specimens with a certain 
parameter to a reference value.   
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The proposed -factor for effect of the MC is given by Equation (3.4). The 
withdrawal strength of specimens with MC= 12% was used as the reference value. 
In accordance with Equation (3.4), MC = 0.95 for screws in connections exposed to 
service class 2 conditions.  
݇ெ஼= ௔݂௫.ெ஼௔݂௫.ெ஼ୀଵଶΨ = ൜
                1.0                                    ͺΨ ൑ ܯܥ ൑ ͳʹΨ
1.0െ 0.0065 ή (ܯܥ െͳʹΨ)    ͳʹΨ ൑ ܯܥ ൑ ʹͲΨ   (3.4) 
The effect of temperature was not very significant in the tested range and 
therefore the corresponding factor was taken equal to unity: 
݇௧௘௠௣ = 1.0,   െ 20°ܥ ൑ ܶ ൑ 50°ܥ   (3.5) 
Similarly, the effect of pre-drilling was not very significant and therefore the 
authors suggested that there should be no differentiation between the two cases. 
Concerning the effect of the diameter, the experimental results verified the size-
effect (i.e. decreasing strength for increasing diameter). The factor  was 
derived both as a linear function (Equation (3.6)) and as a power function 
(Equation (3.7)) of the diameter. The withdrawal strength of specimens with = 8 
mm was used as the reference value. 
݇ௗ௜௔௠ = ௔݂௫.ௗ௔݂௫.ௗୀ଼ = 1.322 െ 0.0402 ή ݀     (݀ in mm) 
(3.6) 
݇ௗ௜௔௠ = ௙ೌ ೣ .೏௙ೌೣ.೏సఴ = 2.44 ή ݀
ି଴.ସଶ଼        (݀ in mm) (3.7) 
To take into account the effect of the screw tip the authors proposed the use of a 
reduced effective length obtained by subtracting 1.17 from the embedment 
length, as indicated by Equation (3.8). The corrected effective length was obtained 
on the assumption that the withdrawal strength should be independent of the 
effective length. 
݈௘௙ = ݈ െ ݇௟௘௡௚௧௛ ή ݀ = ݈௧௛௥௘௔ௗ െ 1.17 ή ݀ (3.8) 
The effect of the angle Ƚ on the characteristic value of the withdrawal strength 
was taken into account by Equation (3.9) which is a slight modification of the 
Hankinson formula. The withdrawal strength of specimens with screws embedded 
perpendicular to the grain was used as the reference value. 
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݇ு௔௡௞௜௡௦௢௡.௠௢ௗ = ௔݂௫.ఈ௔݂௫.ଽ଴ =
1
ݏ݅݊ଶ.ଶ(ߙ) + 1.30 ή ܿ݋ݏଶ.ଶ(ߙ) (3.9) 
The embedment depth of the threaded part (i.e. the minimum distance of the 
threaded part of the screw to the surface of the timber element) was also 
investigated. The mean withdrawal strength of screws whose threaded part was 
embedded by 15 mm was 1.13 times greater than the strength of screws whose 
threaded part was not embedded. A slightly increasing mean strength was 
observed for increasing embedment depths. The effect of embedment depth of 
the threaded part was taken into account by Equation (3.10). The same effect has 
been shown also by Baek et al [54].    
݇௘௠௕ = ௔݂௫.௘௠௕வଵହ௔݂௫.௘௠௕ୀ଴ = 1.15 , ݈௘௠௕  ൒ 2 ή ݀ 
(3.10) 
Further investigation carried out by Burgschwaiger [80] showed that the positive 
effect of the embedment depth of the threaded part is smaller for decreasing 
angle. The following expression was proposed:  
݇௘௠௕ = ௔݂௫.௘௠௕௔݂௫.௘௠௕ୀ଴ = ൜
1.0
1.05 + 1.11 ή 10ିଷ ή ߙ    
݈௘௠௕ = 0
  ݈௘௠௕ ൒ 2݀   
(3.11) 
Equation (3.12) provides the mean or the characteristic withdrawal strength (in 
MPa) derived from experimental tests under constant climate, as function of the 
density (in kg/m3) and the diameter (in mm). The size-effect of the diameter was 
incorporated in Equation (3.12). These tests were performed without embedment 
of the threaded part and the withdrawal strength given by Equation (3.10) should 
be multiplied by emb= 1.15 if lemb шϮ. The regression parameters A, B and C are 
given in Table 3.1 both for Ƚ= 90° and Ƚ= 0° 
௔݂௫ = ܣ ή ߩ௧௘௦௧+ ܤ ή (2.44 ή ݀଴.ହ଻ଶ) + ܥ (3.12) 
 
Table 3.2: Regression parameters for Equation (3.12) 
 Mean fax 5%-percentile fax 
 Ƚ = 90° Ƚ = 0° Ƚ = 90° Ƚ = 0° 
Parameter A 0.01353 0.00538 0.0116 0.0042 
Parameter B -0.28147 -0.45875 -0.272 -0.455 
Parameter C 2.18888 5.92460 1.97 5.34 
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3.1.3 Ringhofer et al 2015 
Ringhofer et al [81] presented a universal approach for the determination of 
withdrawal properties of STS embedded in solid timber, unidirectional (e.g. 
glulam) and orthogonal (e.g. CLT) timber products. This approach was based in the 
analysis of 8000 withdrawal tests for the withdrawal strength (with = 4-12 mm, 
lef= 2.5-15 ĂŶĚϬΣчȽ чϵϬΣͿĂŶĚϱϱϬϬ ƚĞƐƚƐĨŽƌƚŚĞǁŝƚŚĚƌĂǁĂůƐƚŝĨĨŶĞƐƐ;ǁŝƚŚ= 
6-12 mm, lef = 2.5-39 and ϬΣ чȽ чϵϬΣͿ͘dŚĞ ƚŝŵďĞƌĚĞŶƐŝƚǇ͕ ƚŚĞĂŶŐůĞ͕ ƚŚĞ
system effect for screws penetrating multiple layers in laminated timber products 
and the MC were taken into account. The authors proposed Equation (3.13) for 
the determination of withdrawal properties: 
ܺ = ݇௔௫ ή ݇௦௬௦(ܰ) ή ܺ௥௘௙ ή ( ߩߩ௥௘௙)
௞ഐ (3.13) 
where X = {fax , ax.ser} represents either the withdrawal strength fax = Faxͬ;ʋͼͼlef) or 
the withdrawal stiffness normalized per unit area i.e. ax.ser= Kax.serͬ;ʋͼͼlef). The 
factor ax takes into account the effect of Ƚ, sys(N) is the system strength factor 
for screws penetrated in N layers of laminated timber elements and ɏ is a factor 
which adjusts a property derived for the reference density to the actual (mean or 
characteristic) density. For solid timber and glulam, these factors are given by 
Equations (3.14)-(3.16). 
݇௔௫ = ൝
  1.0     45° ൑ ߙ ൑ 90°
ܿ+ (1െ ܿ) ή ߙ45°        0° ൑ ߙ ൑ 45°
 (3.14) 
݇௦௬௦ = ൜    1.0     Solid Timber      1.13   Glulam (ܰ ൒ 3) (3.15) 
௔݂௫ : ఘ݇ = ቄ      1.10               ߙ = 0°1.25 െ 0.05݀    ߙ ് 0°  ;   ݇௔௫.௦௘௥:  ݇ఘ =  0.75 (3.16) 
where c = 90-1= X0 / X90 and 90= {1.35; 1.56; 0.75} for {fax.mean; fǤ; ser}. 
The reference characteristic withdrawal strength and the stiffness are determined 
by Equations (3.17)-(3.18).  
௔݂௫.௥௘௙.௞ = 0.013 ή ߩ௥௘௙.௞ଵ.ଵଵ ή ݀ି଴.ଷଷ (3.17) 
݇௔௫.௦௘௥.௥௘௙ = 24.7 ή ߩ௥௘௙଴.଻ହ ή ݀ ଵି.଻଴ ή ݈௘௙ି଴.଺଴ (3.18) 
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The effect of the MC on the withdrawal properties is given by Equation (3.19) [25], 
where MC = {0.034; 0.016} for {fax; ax.ser}. 
ܺெ஼
ܺ௥௘௙ = ൜
                   1.0                                    ͺΨ ൑ ܯܥ ൑ ͳʹΨ
1.0 െ݇ெ஼ ή (ܯܥെ ͳʹΨ)                         ܯܥ ൒ ͳʹΨ  (3.19) 
 
3.1.4 Ringhofer and Schickhofer 2014 
In accordance with EN 14592 [29], the experimental determination of the 
withdrawal strength parameter should comply with the standard test 
configuration (pull-push) and the loading rate (90±30 sec to reach failure) given by 
EN 1382 [30]. The load transfer mechanism from the screw to the supports 
depends on the test configuration, as shown in Figure 3.1. Ringhofer and 
Schickhofer [67] investigated the effect of several test configurations and loading 
rates on the withdrawal strength parameter of STS. 
 
 
Figure 3.1: Different loading and load path situations [67] 
 
Four different test configurations were investigated as shown schematically in 
Figure 3.2a; (i) push-pull (ii) push-pile (iii) pull-pull and (iv) pull-pile configurations. 
STS with = 8 mm were embedded parallel and perpendicular to the grain both 
with and without pre-drilling. The experimental results indicated that the mean 
values of the withdrawal strength and the standard deviation are not significantly 
affected by different test configurations. Pre-drilling resulted in higher withdrawal 
25 
 
strength for screws embedded parallel to the grain. For screws embedded 
perpendicular to the grain the effect of pre-drilling was negligible.  
 
 
Figure 3.2: Tested configurations [67] 
 
Additional tests were performed in the push-pull and push-pile configurations 
where the supporting distance was varied, as shown in Figure 3.2b. In general, the 
varying supporting distance had a small or negligible effect on the withdrawal 
strength. Significantly lower withdrawal strength was observed for the push-pile 
configuration with the minimum supporting distance of 2, where the volume of 
the shear field is minimal.  
Another test series was executed where the angle between the screw and the 
surface of the specimen was varied, as shown in Figure 3.2c. Screws with = 6 mm 
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were used in this series. The experimental results indicated that the withdrawal 
strength was not influenced by the angle between the screw and the surface. 
Finally, a test series was performed with varying rate of deformation (0.6, 1.50, 
2.20, 4.0 and 500 mm/min) so that the targeted time to failure was in the range of 
0-300 sec. Screws with = 8 mm embedded perpendicular to the grain were used 
in this series. Specimens tested with the 500 mm/min rate of deformation showed 
higher withdrawal strengths. In the rest specimens, the withdrawal strength was 
not affected by the rate.  
 
3.1.5 &rese and Blaɴ 2009 
&ƌĞƐĞ ĂŶĚ ůĂɴ [55] proposed an optimized regression method for the 
determination of the characteristic withdrawal strength of STS. The aim was to 
improve the accuracy and reduce the number of the tests required. The method 
was based on the analysis of more than 2400 withdrawal tests of STS. The 
parameters of this investigation were the diameter (= 4-14 mm), the angle to the 
grain (Ƚ= 45-90°), the effective length (lef = 18.8-140 mm), the timber density (ɏ= 
325-602 kg/m3), the thread pitch (c= 2-8 mm) and the core diameter (c/= 0.559-
0.70). A preliminary analysis showed that the thread pitch had negligible influence 
on the withdrawal capacity and it was excluded from the input parameters. In 
order to obtain a dataset with the same number of observations per parameter, 
the dataset size was reduced to 1847 tests. The mean value and the standard 
deviation was determined for all input and output parameters. 
The final dataset was used for regression analysis. The input parameters, their 
squared values and their products, excluding the term ͼc/, were used as the 
independent variables (25 terms in total). The natural logarithms of the 
withdrawal capacity and the withdrawal strength parameter were the output 
variables. Regression from the output variables, where the number of terms was 
increased from 1 to 25, resulted in the combinations with the highest coefficients 
of determination. As expected, the influence of  and c was similar. Moreover, 
there was no indication that Ƚ was relevant in its range (45-90°). Equations (3.20)-
(3.21) were derived by following this procedure and by selecting models with a 
limited number of input variables so that they are mechanically logical and easy to 
apply. The errors of Equations (3.20)-(3.21) were taken into account by adding an 
error term e, which follows a normal distribution. A few observations with 
standard errors out of (-3; 3) were excluded as outliers. The size of the dataset 
without the outliers, the coefficient of determination and the distribution 
parameters of the standard errors are also provided in Equations (3.20)-(3.21).  
27 
 
ln(ܨ௔௫ ) = 6.739 + 0.03257 ή ݈௘௙ + 2.148 ή 10ିସ ή ݀ ή ߩ െ 1.171 ή 10ିସ ή ݈௘௙ଶ + ݁  
ܰ = 1838,     ݎଶ = 0.945,    ݁:ܰ(0; 0.1365 )  
(3.20) 
ln( ௔݂௫ ) = 2.359െ 0.04172 ή ݀ + 2.039 ή 10ିଷ ή ߩ + ݁  
ܰ = 1839, ݎଶ = 0.466, ݁:ܰ(0; 0.1331 ) 
(3.21) 
Equations (3.20)-(3.21) provide the withdrawal capacity and the withdrawal 
strength parameter as function of the individual density. In design however, 
characteristic values are involved. In order to obtain expressions which 
incorporate characteristic values, Equations (3.20)-(3.21) were used to create 
datasets with simulated values. STS with = (4, 6, 8, 10, 12, 14 mm) and lef = (20, 
40, 60, 80, 100, 120, 140 mm) and six strength classes (C14, C18, C24, C30, C40 
and C50) were considered. The density for each strength class follows a normal 
distribution with known mean value and standard deviation. The total number of 
possible combinations of , lef and strength class is 252. For each one of these 
combinations, 1000 values were simulated both for the withdrawal capacity and 
the withdrawal strength parameter. Based on the simulated values, the 
characteristic output values for each combination were determined. A new 
regression from the simulated characteristic values lead to Equations (3.22)-(3.23) 
which provide the characteristic values of the withdrawal capacity and the 
withdrawal strength parameter. 
ln(ܨ௔௫ .ோ௞) = 6.54 + ݈௘௙ ή ൫0.03265 െ 1.173 ή 10ିସ ή ݈௘௙൯ + 2.35 ή 10ିସ ή ݀ ή ߩ௞  (3.22) 
ln( ௔݂௫ .௞) = 2.182െ 0.04175 ή ݀ + 2.21 ή 10ିଷ ή ߩ௞  (3.23) 
An alternative expression, simpler than Equation (3.23), for the withdrawal 
strength parameter was also derived by use of the same procedure. This 
expression is given by Equation (3.24). 
௔݂௫.௞ = 0.0872 ή ߩ௞ ή ݀ି଴.ସଵଵଽ (3.24) 
 
3.1.6 Kennedy et al 2014 
Kennedy et al [82] evaluated five different equations for the withdrawal capacity. 
The following equations were evaluated: 
x the equation given by the Canadian standard CSA O86-09  [83] for wood 
screws; 
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x the equations given by the American standard NDS-2012 [84] for wood 
screws and lagscrews; 
x McLain [85] equation for lagscrews;  
x MHBH [82, 86] equation for lagscrews. 
All equations relate the characteristic withdrawal capacity with the diameter , 
the relative density G and the effective length lef and they have the following 
format (units N and mm): 
௨ܲ.௪.௞ = ܣ ή݀஻ ή ܩ஼ ή ݈௘௙஽ (3.25) 
The parameters A, B, C and D are given in Table 3.3. 
Table 3.3 Parameters A, B, C and D for Equation (3.25) [82] 
Equation A a B C a D 
CSA O98-09 [83] 59 (112) 0.82 1.77 1.0 
NDS-2012-Lagscrews [84] 57 (116) 0.75 1.50 1.0 
NDS-2012-Wood screws [84] 40 (98) 1.00 2.00 1.0 
McLain [85] 74 (165) 0.61 1.35 1.0 
MHBH b [86] 82 (110) 0.75 1.50 1.0
a The values in parentheses are used for the calculation of mean values. The measured 
relative density G0 should be used instead of G in this case. 
b The equation for the characteristic density has different format than Equation (3.25):   
௨ܲ .௪ .௞ = ൫82 ή ݀଴.଻ହ ή ܩ଴ ଵ.ହ െ 56൯ ή ݈௘௙   ,  ௨ܲ.௪ .௠௘௔௡ = 110 ή ݀଴.଻ହ ή ܩଵ .ହ ή ݈௘௙ 
In order to evaluate the validity of all equations, experimental results from several 
studies were collected to build a database. The database consisted of 
experimental results from tests of wood screws (STS) and lagscrews with various 
diameters and effective lengths, embedded in both solid timber (563 tests) and in 
glulam (2580 tests). The database for solid timber was composed of the results 
from Kennedy [87], Newlin and Gahagan [88] and Baek et al [54]. The database for 
glulam was composed of the results from Kennedy [87], Abukari et al [89], Abukari 
[90], Gehloff [91] and Simpson Strong Tie [92].  
Non-linear regression analysis was performed for the mean values and several 
statistical parameters which estimate the error were determined. After evaluating 
these parameters, the authors concluded that all equations were capable of 
predicting the mean withdrawal capacity reasonably well. Among them, the 
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equation of NDS-2012 for lagscrews [84] showed the best fit to the experimental 
results. However, they proposed the equation of CSA O86 [83] for the next edition 
of the Canadian standard, because it is reasonably conservative and it allows 
harmonization of design for all types of screws.     
 
3.1.7 Mahlknecht et al 2014 
Mahlknecht et al 2014 [53] investigated experimentally the behaviour of axially 
loaded groups of STS with = 6 mm, embedded perpendicular to the grain. Three 
experimental series were executed. In the first series, 5×5 screws with lef= 11.2, 
a2 = 3.5 and a1= (5, 7.5, 10, 12.5) were embedded in solid timber elements 
(C24). In the second one, 3×4 screws with lef= 28.3, a2= (2.5, 3.5, 5) and a1= 
(5, 7.5, 10) were embedded in glulam elements (GL24h). In the third one, 3×5 
screws with lef = 17.8, a2= (3.5, 5, 7) and a1= (5, 7.5, 10) were embedded 
in glulam elements (GL24h). The effective length was determined according to 
Pirnbacher et al [24].  
The observed failure modes are shown in Figure 3.3. In general, specimens with 
greater effective length and spacings failed due to steel fracture, specimens with 
intermediate effective length and large spacings failed due to withdrawal of the 
screws and specimens with small spacings failed due to block shear. Mixed failure 
modes were also observed. Block shear has also been observed in the 
experiments performed by Plieschounig [93] in specimens with 9, 16 and 25 
screws, lef= 11.3 and a1= a2= 5. It is worth mentioning that block shear occurred 
even at specimens with spacings allowed by EC5 [16] or technical approvals. In 
cases where block shear did not occur, the capacity of the group of screws was 
equal to the capacity of single screws times the number of screws, i.e. nef = n.  
The principle of the model presented by Zarmani and Queneville [94] for rivet 
connections was used in order to develop a first analytical approach for the 
determination of the block shear capacity. The predictions of this approach were 
conservative but able to follow the trends observed in the experimental results. 
 
 
Figure 3.3: Failure modes of specimens (a) steel fracture, (b) withdrawal and (c) 
block shear [53] 
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3.1.8 Gehri 2009 
Gehri [95] investigated experimentally the effect of spacings on the withdrawal 
strength of screws embedded parallel to the grain in solid timber and glulam 
elements. STS with = 10 mm and lef = 130 mm were used. Specimens with a 
variation of the number fasteners (n= 1, 4, 9, 16) and spacings (a/= 3, 4, 6) were 
tested.  
Based on the experimental results, the author concluded that the withdrawal 
strength is not influenced for spacings greater than a threshold value of 5. It 
follows that nef = n in this case. Smaller spacings resulted in lower withdrawal 
strength. The test results were similar to respective results for glued-in-rods [96, 
97]. The author proposed Equation (3.26), based on an equation initially 
developed for glued-in-rods [97], to determine the factor  which takes into 
account the effect of spacings. 
݇௥௘ௗ= (ܽ 5݀Τ )଴.ଷହ ൑ 1.0 (3.26) 
3.1.9 Krenn and Schickhofer 2009  
As discussed in Section 2.3.1, Krenn and Schickhofer [64] investigated the 
behaviour of axially loaded joints with multiple inclined screws and steel plates as 
outer members. STS with = 8 mm were embedded in glulam elements with an 
inclination of 45° and 30° to the grain direction. The spacings and edge and end 
distances were complying with the requirements of the technical approvals.  
Several failure modes were observed (withdrawal, head tear off, splitting and 
tension failure of the timber member). The values of nef for the capacity (5%-level) 
are shown in Figure 3.4 for all failure modes. According to Figure 3.4, the effect of 
the number of fasteners on the capacity is rather small. The prediction of EC5 [16] 
is very conservative for increasing number of fasteners. The authors proposed nef 
= 0.9n (solid green line) instead of nef = n0.9 which provides a less conservative but 
still safe-side estimation. This proposal is very similar to Equation (3.27) which is 
provided by some technical approvals for inclined screws with 30° ч Ƚ чϲϬΣ (e.g. 
[56, 98, 99]) and results in a different value only for n= 2.  
݊௘௙ = ݉ܽݔ (݊଴.ଽ , 0.9݊) (3.27)
The obtained effective numbers of screws under service load nef.ser are plotted in 
Figure 3.5. The authors proposed nef.ser = n0.8 to take into account the effect of the 
number of screws on the stiffness. 
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Figure 3.4: Effective number of screws for capacity [64] 
Figure 3.5: Effective number of screws for stiffness [64] 
3.1.10 Uibel and Blaɴ 2010 
According to results from conventional tests [100] minimum spacings and end 
distances vary for screws with the same diameter but different geometry. They 
also vary for screws with the same geometry but different diameter. 
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Consequently, tests results for a specific screw are not transferable to other 
screws of the same type or screws with the same diameter. Uibel and Blass [100] 
developed a method for the determination of suitable end distances and spacings 
for axially loaded screws. This method was based on the measurement of lateral 
forces during process of screwing-in and therefore it could be an alternative to 
extensive conventional pull-out testing.  
Two-part specimens made of solid timber or glulam were used. The specimens 
were connected with 6 bolts which were also used to measure the lateral forces 
during the process of screwing-in. The forces were measured indirectly by strain 
gauges attached in a hole at the centre of each bolt. The specimen is shown in 
Figure 3.6a. Three types of screws with = 8 mm were embedded in the 
specimens. High correlation was observed between the total measured lateral 
force in the bolts and the minimum end distances determined by conventional 
tests. Therefore the method was able to predict the effect of screw shape and 
geometry on splitting behaviour.  
The effect of end and edge distances and material properties on the splitting 
behaviour was taken into account by a developed FE model. The model was used 
to predict the resulting split area. The screw insertion was approximated by an 
equivalent moving load which is iteratively determined so that the best fit with 
the experimental results is obtained. The split area was also experimentally 
observed using a dyeing technique. The experimentally observed and the 
simulated split areas were in good agreement as shown for example in Figure 
3.6b. 
Figure 3.6: (a) two-part specimen and (b) split area [100] 
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3.2 Analytical models 
The approaches presented in Section 3.1 are based on regression analysis on 
experimental results. These approaches lead to relatively simple expressions 
which provide the withdrawal capacity and/or stiffness and they are suitable for 
practical design. The effect of various parameters, such as the MC, the size and 
the number of screws on the withdrawal properties has also been quantified.  
On the other hand, the applicability of such expressions is limited to screws with 
parameters within the range of the tested specimens and, in general, they cannot 
be extrapolated outside this range. Moreover, these approaches do not provide 
explicit information about important aspects of the mechanical behaviour as for 
example the stress and displacement distributions along the screws, the force-
displacement curves and the brittleness.  
In the following Sections, the existing analytical models are briefly presented. All 
these models are based on the theory of Volkersen [78] which was initially 
developed for rivet connections. Essentially the same theory has been successfully 
used for the analysis of lap joints [101], axially loaded glued-in rods [102] and 
axially loaded glued-in hardwood dowels [103].  
 
3.2.1 Volkersen model for axially loaded screws 
Volkersen theory [78] has successfully been applied for axially loaded screws. The 
theory and the assumptions are very similar to the model presented by Jensen et 
al [103] for axially loaded glued-in hardwood dowels. A brief description of this 
model is given in this Section.  
An axially loaded threaded fastener embedded parallel to the grain in a wooden 
element and the stress state of an infinitesimal thin slice  are shown 
schematically in Figures 3.7a and 3.7b, respectively. Two different loading 
conditions are considered; pull-pull and pull-push as shown in Figure 3.7c. The 
fastener and the element are assumed to be in a state of pure axial stress and 
linear-elastic behaviour is assumed: 
ߪ௦(ݔ) = ܧ௦ ή ߝ௦(ݔ) (3.28) 
ߪ௪(ݔ) = ܧ௪ ή ߝ௪(ݔ) (3.29) 
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where ɐ, ɂ, E symbolize the axial stress, the axial strain and the Young’s modulus 
respectively. The subscripts s and w denote the fastener and the wooden element 
respectively. Here Ew is equal to the Young’s modulus parallel to the grain. 
 
 
Figure 3.7: Axially loaded fastener: (a) geometric features, (b) stress state of 
infinitesimal slice  and (c) loading conditions 
 
All shear deformation is assumed to occur in an infinitely thin layer (bond line) 
which is in a state of pure shear. The shear stress is denoted ɒ(x). The shear 
displacement of the bond line Ɂ(x) is equal to the relative displacement between 
the fastener and the wooden element: 
ߜ(ݔ) = ݑ௦(ݔ)െݑ௪(ݔ) (3.30) 
A linear constitutive law is assumed for the relationship between ɒ(x) and Ɂ(x):   
߬(ݔ) = ߁ ή ߜ(ݔ) (3.31) 
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Ȟ is a shear stiffness parameter of the bond line. The parameters Ƚ and ɘ are 
defined as follows: 
ߙ = ܧ௪ܣ௪ܧ௦ܣ௦    
(3.32) 
߱ = ඨߨ݀߁݈ଶ ή ൬ 1ܧ௦ܣ௦+
1
ܧ௪ܣ௪൰  
(3.33) 
where As and Aw are the cross-section areas of the fastener and the wooden 
element respectively. Static equilibrium of the infinitesimal slice  and use of 
Equations (3.28)-(3.33) lead to the following governing differential equation:  
݀ଶߜ(ݔ)
݀ݔଶ െ ቀ
߱
݈ ቁ
ଶ
ή ߜ(ݔ) = 0  (3.34) 
The solution of Equation (3.34) and therefore the stress and displacement 
distributions depend on the loading conditions.  
x Pull-pull  
For the pull-pull loading condition, the distribution of the shear stress is given by 
Equation (3.35).   
߬(ݔ) = െ ܲ߱ߨ݈݀(1 + ߙ)sinh߱ ή ൭coshቀ
߱ݔ
݈ ቁ+ ߙcosh ቆ߱ቀ1 െ
ݔ
݈ ቁቇ൱  
(3.35) 
Equation (3.35) is a hyperbolic function, whose absolute maximum is either at x= 
0 or x= l, depending on the value of Ƚ. The withdrawal capacity Pu.w is given by 
Equation (3.36) and it is obtained by setting the maximum shear stress, ɒmax= 
max(ɒ(0), ɒ(l)) according to Equation (3.35) equal to the shear strength fv, i.e. a 
maximum stress criterion is used.  
௨ܲ .௪
ߨ݈݀ ௩݂ =
(1 + ߙ)sinh߱
߱ ൞
1
ߙ + cosh߱ , ߙ ൑ 1
    11 + ߙ ή cosh߱ ,   ߙ ൒ 1
  (3.36) 
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The withdrawal stiffness is given by Equation (3.37). 
ܭ௪ = ߨ݈݀߁ (1 + ߙ)sinh߱߱ ή (1 + ߙcosh߱)  (3.37) 
 
x Pull-push  
For the pull-push loading condition, the distribution of the shear stress is given by 
Equation (3.38).  
߬(ݔ) = െܲ߱ߨ݈݀ ή
cosh൫߱(1െ ݔ ݈Τ )൯
sinh߱   
(3.38) 
Equation (3.38) is a monotonic hyperbolic function, whose absolute maximum is 
always at x= 0. The withdrawal capacity Pu.w is given by Equation (3.39) and it is 
obtained by setting the maximum shear stress according to Equation (3.38) , ɒmax 
= ɒ(0), equal to the shear strength fv. The withdrawal stiffness is given by Equation 
(3.40). 
௨ܲ.௪
ߨ݈݀ ௩݂ =
tanh߱
߱   (3.39) 
ܭ௪ = ߨ݈݀߁tanh߱߱   
(3.40) 
 
3.2.2 Nakatani et al 2004-2010 
Essentially the same expressions as the ones presented in Section 3.2.1 have been 
derived by Nakatani et al [21, 104] for axially loaded screws embedded either 
parallel or perpendicular to the grain. In these expressions, fv is replaced by the 
withdrawal strength (fw.0 or fw.90) which can be determined by pull-out tests of 
specimens with small embedment length. The shear stiffness parameter Ȟ can 
also be determined by these tests. Depending on Ƚ, the respective Young’s 
modulus (Ew.0 or Ew.90) should be used. 
 A lagscrew-bolt is a special type of screw which features an internal hole with 
female thread so as to allow bolts to be screwed into this hole. Lagscrew-bolts 
feature outer-thread diameters 25-35 mm. An example of a lagscrew-bolt is 
shown in Figure 3.8.  
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Nakatani and Komatsu [21] performed withdrawal tests of Douglas-fir glulam 
specimens with lagscrew-bolts embedded parallel to the grain direction. The 
outer-thread diameter of the lagscrew-bolts was = 30 mm. The loading condition 
in these tests was pull-push. The embedment length varied from 50 mm to 280 
mm. The experimentally recorded withdrawal capacity and stiffness and the 
predictions by Equations (3.39)-(3.40) are shown as functions of l in Figure 3.9. 
The predictions and the experimental results were generally in good agreement. 
However, the withdrawal capacity is underestimated by Equation (3.39) for the 
maximum embedment length.  
 
 
Figure 3.8: Example of a lagscrew-bolt [21] 
 
 
Figure 3.9: Withdrawal capacity and stiffness as function of the embedment 
length l [21] 
 
Mori et al [20] performed withdrawal experiments of multiple lagscrew-bolts with 
= 25 mm and l= 200 mm, embedded parallel and perpendicular to the grain in 
glulam elements made of European red pine (Pinus Sylvestris). Pull-pull loading 
was applied. The authors proposed methods for calculation of an effective value 
of Aw. The agreement between the theoretical predictions for withdrawal capacity 
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and the corresponding experimental results was relatively good. On the other 
hand, a disagreement between the prediction for stiffness and the experimental 
results was observed. The authors concluded that the withdrawal capacity per 
fastener is equal to the capacity of a single fastener, if the spacings were greater 
than 4. For smaller spacings, the capacity per fastener was found to be 80-90% 
of the capacity of a single fastener. 
Nakatani and Walford [105] investigated the effect of edge distances on the 
withdrawal properties of lagscrew-bolts embedded parallel to the grain and 
loaded in the pull-pull loading condition. Lagscrew-bolts with = 25 mm and l= 
(120, 170, 220, 270 mm) were used. Specimens were made of Pinus Radiata 
glulam and they had a square cross section with varied dimensions (75×75, 
100×100 and 140×140 mm2). According to experimental observation, almost all 
specimens with the smallest cross-section failed due to splitting failure while the 
vast majority of specimens with larger cross-section failed due to withdrawal. 
There was no effect of the cross-section on the withdrawal capacity. The authors 
used Equation (3.36) to predict the withdrawal capacity and a simple method that 
takes into account the thread geometry to estimate the splitting capacity. The 
prediction by Equation (3.36) generally overestimated the withdrawal capacity. 
The prediction for the splitting capacity was conservative for specimens with l ш 
170 mm. According to the theoretical results the failure mode would change for a 
square cross section with dimensions 85×85 mm2.  
 
3.2.3 Jensen et al 2010-2012 
Jensen et al [106-108] developed a modified version of the model presented in 
Section 3.2.1. The model is applicable for axially loaded screws embedded parallel 
to the grain direction.  
One of the modifications was the adaptation of a failure criterion which takes into 
account the damage caused by the process of screwing-in. The damage is 
expressed in terms of an initial shear stress, ɒ, and therefore a reduced shear 
strength value (fv - ɒ) should be used instead of fv in Equations (3.36) and (3.39).  
An effective value for the shear stiffness parameter Ȟ was obtained using the 
fracture energy approach proposed by Jensen et al 2001 [103]. This approach is 
shown schematically in Figure 3.10. The real non-linear ɒ-Ɂ relationship is 
idealized by a linearized constitutive relation with equal shear strength and mode 
II fracture energy dissipation, Gf. From Figure 3.10 it follows that: 
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߁ = ௩݂
ଶ
2 ή ܩ௙   
(3.41) 
The use of this effective value of Ȟ however would lead to unreasonable 
predictions for the stiffness according to Equations (3.37) and (3.40).  
 
 
Figure 3.10: Linearized constitutive ɒ-Ɂ relationship based on fracture energy 
[103]  
 
Another modification [107] was the introduction of a mean-stress failure criterion 
instead of the maximum stress criterion used in Equations (3.36) and (3.39), to 
take into account that a high shear stress over a very limited length may not lead 
to failure. According to the mean-stress criterion failure takes place when the 
mean stress over a certain length l0 reaches the shear strength, as shown in the 
shear stress distribution in Figure 3.11. The mean stress length for pure II failure 
mode as given by Gustafsson [109] was used: 
݈଴ = 2ߨ  ή
ܧ௪כ ή ܩ௙
௩݂ଶ
 (3.42) 
1
ܧ௪כ =
1
ܧ௪.଴  ή ඨ
1
2 ή ඩඨ
ܧ௪.଴
ܧ௪.ଽ଴+
ܧ௪.଴
2ܩ + ߥଽ଴.଴ ή
ܧ௪.଴
ܧ௪.ଽ଴ 
(3.43) 
where G is the shear modulus and ɋ90.0 is the Poisson ratio for strain applied in the 
perpendicular to the grain direction. 
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Figure 3.11: Normalized shear stress distribution along screw (pull-pull) [107] 
 
Incorporating these modifications, Equations (3.36) and (3.39) can be re-
formulated as follows: 
x Pull-pull: 
௨ܲ .௪
ߨ݈݀( ௩݂ െ ߬௜௡௜ ) =
݈଴
݈ (1 + ߙ) ή ݉݅݊
ە
ۖۖ
۔
ۖۖ
ۓ 1sinh(߱ ݈଴ ݈Τ )sinh߱ + ߙ ቆ1 െ
sinh൫߱(1 െ ݈଴ ݈Τ )൯
sinh߱ ቇ
 
1
1 െ sinh൫߱(1 െ ݈଴ ݈Τ )൯sinh߱ + ߙ
sinh(߱ ݈଴ ݈Τ )
sinh߱
  (3.44) 
x Pull-push: 
௨ܲ .௪
ߨ݈݀( ௩݂ െ ߬௜௡௜ ) =
݈଴
݈ ή 
1
1െ sinh൫߱(1 െ ݈଴ ݈Τ )൯sinh߱
 (3.45) 
 
In a subsequent work [108], the same authors modified further the model so that 
the thread geometry is taken into account. The principle was to apply a global-
stress analysis to quantify the distribution of the axial force on the screw and a 
local-stress analysis in every pitch length in order to quantify the maximum shear 
stress. They concluded that the effect of taking into account the thread geometry 
is not significant for usual pitch lengths.  
The predictions of Equations (3.44)-(3.45) were compared with experimental 
results from withdrawal tests of lagscrew-bolts embedded parallel to the grain in 
Douglas-fir glulam elements. Lagscrew-bolts with diameter = (25, 30, 35 mm) 
and varying embedment length (up to 10-13) were used. The loading condition 
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was pull-pull. An additional series (SL2-series) was conducted for specimens with 
= 30 mm in the pull-push loading condition. The experimentally recorded 
withdrawal capacities and the predictions by Equations (3.44)-(3.45) are shown as 
function of l in Figure 3.12. Series PL1, PL2 and PL3 correspond to pull-pull loading 
and specimens with diameters 25, 30 and 35 mm, respectively. The theoretical 
values were obtained assuming Gf = 0.7 N/mm, fv= 9 MPa and ɋ90.0= 0.015. The 
initial stress was taken equal to ɒ = 2 MPa, as this value provided a good fit to 
the experimental results. The authors stated that the mean stress criterion would 
lead to insignificant differences as compared to the maximum stress failure 
criterion for lagscrews and threaded rods with considerable embedment length 
compared to mean stress length l0. As seen in Figure 3.12, Equations (3.44)-(3.45) 
generally overestimate the withdrawal capacity for small values of l and they 
underestimate it for the maximum values of l. Ellingsbø and Malo [110] applied 
the same model for STS with = 8 mm and lef = 150 mm. They concluded that Gf = 
0.7 N/mm and ɒ= 1.2 MPa provided the best fit to their experimental data. 
 
 
Figure 3.12: Withdrawal capacity as function of l for all experimental series [107] 
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3.2.4 Ringhofer and Schickhofer 2014 
According to Volkersen theory applied for axially loaded screws, the axial force 
distribution in a screw loaded in the pull-push loading condition is given by 
Equation (3.46).  
ܲ(ݔ) = ܲ ή sinh൫߱(1െݔ ݈Τ )൯sinh߱    
(3.46) 
Ringhofer and Schickhofer [111] performed a series of experiments in order to 
validate the applicability of Volkersen theory for axially loaded screws. In 
particular, they measured indirectly the axial force distribution in the screws by 
use of strain gauges attached on the screws and compared it with Equation (3.46).  
STS with =12 mm were used in the tests. The screws were embedded in solid 
timber elements. In the first test series, screws were embedded perpendicular to 
the grain and the embedment length was varied from 60-240 mm. A second series 
of tests was conducted with screws embedded parallel and with an angle of 45° to 
the grain. In this series the embedment length was only varied from 180 mm to 
240 mm. In the sections where strain gauges were attached, the axial forces were 
quantified for two load levels; 30% and 90% of the maximum force. The axial force 
distribution was quantified by use of polynomial trend lines fitted to the 
experimentally measured values.  
The authors highlighted the significant influence of Aw on the accuracy of the 
analytical prediction for the axial force distribution. Compared to Aw calculated as 
a small area around the interface, assuming Aw equal to the total cross-sectional 
area of the specimen led in general to better agreement with the experimental 
results. The shear stiffness parameter was taken equal to Ȟ= G/t, where t is the 
thickness of the shear layer which was approximated by experimental observation 
at failure. It was assumed equal to 14.5 mm for specimens with Ƚ= 0° and 22.5 
mm for specimens with Ƚ= 45°, 90°. The analytical and the experimental results 
were in good agreement for Ƚ= 0°, 90°. It was therefore concluded that Volkersen 
model can be used for axially loaded screws. 
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4. Overview of present work 
4.1 Research methods 
4.1.1 Experimental 
As discussed in Chapter 3, the effect of the angle Ƚ and the embedment length l 
on the withdrawal properties of STS with diameters up to = 14 mm has been  
thoroughly investigated. However, the available experimental results in the case 
of threaded rods are, in general, limited to relatively stocky threaded rods (with 
small l/ values) embedded parallel or perpendicular to the grain. Moreover, the 
effect of edge distances and spacings which are smaller than the minimum 
requirements of EC5 [16] and some ETAs has not been fully investigated especially 
in the case of threaded rods with varying angle to the grain Ƚ.  
Within this thesis, the effect of Ƚ and l on the withdrawal properties has been 
experimentally investigated. Specimens with values of l/ up to 30 were tested. 
Moreover, the influence of small edge distances and spacings on the withdrawal 
properties was experimentally investigated for pairs of rods embedded in 
‘parallel’, i.e. in a row perpendicular to the plane of the grain. 
SFS WB-T-20 [23] steel threaded rods were used in all specimens. These rods are 
made according to DIN7998 [112] and a lay-out is shown in Figure 4.1. The outer-
thread diameter and the core diameter of these rods are = 20 mm and c = 15 
mm, respectively. The pitch distance is c = 7 mm. According to the manufacturer, 
the steel grade of the rods is 8.8. The strength class of glulam was Scandinavian 
class L40c which corresponds to European strength class GL30c [113]. This type of 
glulam is fabricated with 45 mm thick laminations made of Norwegian spruce 
(Picea Abies).  
All specimens were conditioned to standard temperature and relative humidity 
conditions (20°C / 65% R.H.), leading to approximately 12% MC in the wood. Two 
displacement transducers were placed next to the supports of the specimen, 
measuring the relative displacement between the rod and each support. The 
distance between the rod and each displacement transducer was equal to 4 in 
order to take into account the deformation due to concentrated stresses in the 
vicinity of the interface. The average of these two measurements was used for the 
displacement. The loading protocol and the stiffness determination were in 
accordance with EN 26891:1991 (ISO6891:1983) [114].  
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Figure 4.1: Geometry of SFS WB-T-20 threaded rod (DIN 7998 [112]) 
 
In the case of single rods, specimens with 6 different rod-to-grain angles (Ƚ = 0, 
10, 20, 30, 60 and 90°) and 4 different embedment lengths (l =100, 300, 450, 600 
mm) were tested. Five tests were performed for each sub-group of parameters 
but no tests were performed for the combinations Ƚ= 60°, 90° and l= 600 mm, 
giving 110 tests in total. The experimental setup, the dimensions of the specimens 
and the experimental results for single rods are presented in Papers i, ii and iv [60, 
115, 116]. The experimental results for single rods are presented in detail in 
Appendix B. 
In the case of pairs of rods, specimens with 4 different rod-to-grain angles (Ƚ = 15, 
30, 60 and 90°) and 2 different configurations with respect to edge distances and 
spacings were tested. Two tests were performed for each combination of angle 
and configuration, 16 in total. The embedment length was equal to l= 450 mm for 
all specimens. The experimental setup, the dimensions of the specimens and the 
experimental results for pairs of rods are presented in Paper iii [117]. 
 
4.1.2 Analytical 
As discussed in Section 3.2, Volkersen theory has been applied on axially loaded 
STS and threaded rods assuming that the constitutive relationship between the 
shear stress, ɒ(x) and the displacement of the shear layer, Ɂ(x), is linear, confer 
Equation (3.31). The stiffness of the shear layer is taken into account by the shear 
stiffness parameter Ȟ. In many of the presented models, the shear layer is 
assumed to be infinitely thin.  
According to this approach the withdrawal capacity is reached when the 
maximum shear stress is equal to the corresponding withdrawal strength 
(maximum stress criterion). This assumption implies that the behaviour of the 
shear layer is elastic-perfectly brittle and therefore there is no residual strength 
after the maximum shear stress has reached the withdrawal strength. The 
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predicted withdrawal capacity is given as a highly non-linear function of the 
embedment length. For large embedment lengths the predicted capacity 
converges to a limit value. However, experimental results for axially loaded 
screws show that the relationship between the withdrawal capacity and the 
embedment length is nearly linear. As a result, the theoretical predictions 
underestimate the withdrawal capacity in the case of long threaded rods and STS.  
The reason for this underestimation for axially loaded screws is the fact that the 
real ɒ(x)-Ɂ(x) relationship is highly non-linear, as shown in Figure 4.2. Therefore it 
cannot be sufficiently approximated by a linear constitutive relationship. It follows 
that the withdrawal capacity, the deformation and the distributions of stress and 
displacements can be estimated more accurately if a more appropriate 
constitutive relationship is used instead of the linear one.  
 
 
Figure 4.2: Real and idealized bi-linear ɒ-Ɂ curve 
 
In the present approach, it is assumed that the shear deformation occurs in a 
shear zone of finite dimensions so that the relative displacement between the 
threaded rod and the supports is taken into account. The real ɒ(x)-Ɂ(x) 
relationship is approximated by a bi-linear constitutive relationship:  
߬(ݔ) = ൜ ߁௘ ή ߜ(ݔ) ߜ(ݔ) ൑ ߜ௘
௪݂ െ ߁௙ ή (ߜ(ݔ) െߜ௘)      ߜ(ݔ) > ߜ௘  
(4.1) 
where fw and Ɂe are the withdrawal strength and the maximum elastic 
displacement of the shear zone respectively. The bi-linear idealization separates 
the curve in two distinct domains; the linear elastic domain and the fracture 
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domain. These domains are characterized by the equivalent shear stiffness 
parameters Ȟe and Ȟf which are the slopes of the two branches of the bi-linear 
constitutive relationship. The term equivalent is used because Ɂ(x) does not solely 
depend on shear deformation of wood, but also on the relative slip between the 
threaded rod and the surrounding wood at the interface. The use of a bi-linear 
constitutive relationship instead of a linear one allows for better approximation of 
the real behaviour, as visualized in Figure 4.2. Analytical expressions based on a 
bi-linear constitutive relationship have been previously derived for lap joints [101] 
and for axially loaded rods [118]. 
For pull-push or pull-shear loading conditions, the withdrawal stiffness and 
capacity are given by the following expressions: 
ܭ௪ = Ɏ ή ݀ ή ݈ ή ߁௘ ή tanh߱߱  
(4.2) 
௨ܲ.௪
ߨ ή ݀ ή ݈ ή ௪݂ =
sin (݉ ή ߱ ή ߣ௨)
߱ ή ݉ +
tanh {(1െߣ௨) ή ߱} ή cos (݉ ή ߱ ή ߣ௨)
߱  (4.3) 
The parameters ɘ, Ⱦ and m have been defined as follows: 
߱ =  ඥߨ ή ݀ ή ߁௘ ή ߚ · ݈ଶ (4.4) 
ߚ =  1ܣ௦ ή ܧ௦ +
1
ܣ௪ ή ܧ௪.ఈ 
(4.5) 
݉ = ට߁௙ ߁௘Τ  (4.6) 
Threaded rods feature a continuous thread without a tip and therefore their 
effective length is assumed equal to their embedment length. Thus lef = l is used in 
Equations (4.2)-(4.6). A modified approach where a reduced effective length is 
assumed is presented in Appendix A. The dimensionless fracture length 
parameter, ɉ= lf/l, expresses the length of the shear zone which exhibits non-
elastic behaviour, as shown in Figure 4.3. The ultimate value ɉu, which 
corresponds to the ultimate withdrawal force, can be obtained as function of m 
and ɘ by use of a diagram.   
An important input parameter for the analytical approach is the cross sectional 
area of wood, Aw, which is subjected to axial stress. In reality, the distribution of 
the axial stress in wood along the length of the threaded rod is non-uniform. A 
constant effective area of wood subjected to axial stress, Aw.eff, is assumed in this 
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approach. Aw.eff is assumed equal to the width ss of the provided supports 
extended by l/6 on both sides of each support and limited by the available edge 
distances and the distance between the supports and the rod, as shown in Figure 
4.4. The modulus of elasticity of wood in an angle to the grain, EǤȽ, is estimated 
by Hankinson formula: 
ܧ௪.ఈ =  ܧ௪.଴ ή ܧ௪.ଽ଴ܧ௪.଴ ή ݏ݅݊ଶߙ+ ܧ௪.ଽ଴ ή ܿ݋ݏଶߙ 
(4.7) 
 
 
Figure 4.3: Post-elastic behaviour of axially loaded threaded rod 
 
Figure 4.4: Determination of Aw.eff: (a) side view and (b) plan view 
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This analytical model allows the estimation of the full force-displacement curve 
and the elastic and post-elastic stress and displacement distributions. A full 
description of the model is given in Papers i [60] and ii [115]. The model has been 
also applied to withdrawal of pairs of rods in Paper iii [117]. 
 
4.1.3 Numerical 
The elastic behaviour of all specimens was studied by finite element (abbr. FE) 
simulations. The withdrawal stiffness as well as the stresses and displacement 
distributions were numerically quantified and compared to the analytical 
estimations and the experimental results. The FE simulations were performed 
using Abaqus software [119]. The model assembly consisted of a rectangular box-
type timber part and the threaded rod in surface contact with each other. These 
two parts were meshed with three dimensional, 8-node, linear brick elements. 
Damage and constructional imperfections, such as cavities, were not taken into 
account in the FE model.  
Wood was modelled as transversely isotropic. Due to an incomplete set of 
material properties provided by the manufacturer, the lacking properties were 
taken from a study on mechanical properties of Norwegian spruce [120]. The 
contact interaction between the wood and the rod was modelled with hard 
contact normally to the surface and frictional behaviour tangentially. The friction 
coefficient for the wood-steel surface was set equal to Ɋ= 0.20. 
The threaded rod was loaded by a unit vertical pull-out force, P= 1 kN, which 
resulted in an elastic state of stress in the rod and the timber part. Lateral 
displacements of the rod at the loading point were restrained. FE simulation 
showed that the non-linearity due to contact interaction was not significant and 
therefore the behaviour with respect to deformation was nearly linear-elastic.    
A full description of the FE model is given in Paper i [60]. FE results for single rods 
are also given in Paper i [60] and, in detail, in Appendix C. The estimated values 
for the withdrawal stiffness of pairs of threaded rods are provided in Paper iii 
[117]. 
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4.2 Main results and conclusions 
4.2.1 Paper i 
In Paper i [60] the elastic behaviour of single rods was studied. The numerical and 
analytical estimations for the withdrawal stiffness were compared to the 
experimental results. Moreover, the numerically estimated lengthwise 
distributions of stresses and displacements were compared to the respective 
analytical estimations.  
The equivalent shear stiffness parameter Ȟe which is a necessary input parameter 
for the analytical model was derived by applying regression analysis on the 
experimental results. This analysis showed that Ȟe is highly correlated with Ƚ. On 
the other hand, the correlation between Ȟe and l was negligible. Application of 
regression on a generalized Hankinson formula led to the following expression for 
Ȟe (units MPa/mm): 
߁௘.ఈ = 9.351.5 ή sinଶ.ଶߙ+ cosଶ.ଶߙ 
(4.8) 
Experimental results showed that threaded rods exhibit high withdrawal stiffness 
especially for small rod-to-grain angles and long embedment lengths. The 
analytical estimations were in good agreement with the experimental results.  The 
analytical model and the FE simulations estimated that the increase of Kw due to 
increasing l becomes gradually smaller for long embedment lengths. This 
estimation was validated by experimental results. No initial slip was observed 
when the threaded coupling parts of the set-up were tightly fastened. Thus, it was 
concluded that initial slip is not a characteristic property of withdrawal of 
threaded rods.  
In general, the numerical estimations for Kw overestimated the experimental 
results, especially in the case of specimens with short embedment lengths (l= 100 
mm). In the case of specimens with l ш 300 mm, the overestimation of Kw was 
significantly smaller. This overestimation was attributed to damage and 
constructional imperfections which were not taken into account in the numerical 
simulations. For increasing values of Ƚ, this overestimation was smaller because 
the elastic deformation of wood, which can reliably be predicted by FE simulation, 
is more significant. The numerically estimated lengthwise distributions of stresses 
and displacements were in good agreement with the analytical ones. Numerical 
results showed that a relative slip between the rod and the surrounding wood 
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occurs at the interface. The relative slip is highest for rods embedded parallel to 
the grain and lowest for rods embedded perpendicular to the grain. 
 
4.2.2 Paper ii 
In Paper ii [115] the post-elastic behaviour of single rods was studied. The mean 
withdrawal strength fw and the parameter m were derived from the experimental 
results for all specimens with the shortest embedment length, i.e. l = 100 mm. 
Results from these specimens were used because the shear stress and the 
displacement of the shear zone at and after failure, can be approximated as 
uniformly distributed along the rod. A generalized Hankinson formula was used to 
fit the experimentally obtained results and regression led to the following 
expressions for fw (units MPa) and m as functions of Ƚ: 
௪݂.௔ = 4.350.91 ή sinଶߙ + cosଶߙ 
(4.9) 
݉ఈ = ݉଴(݉଴ ݉ଽ଴)Τ ή sinߙ + cosߙ =
0.332
1.73 ή sinߙ + cosߙ (4.10) 
The specimens exhibited high withdrawal capacity. A nearly linear relationship 
between Pu.w and l was estimated by the analytical model, which was validated by 
experimental results. The estimations were slightly conservative (less conservative 
estimations were obtained by assuming a reduced effective length, confer 
Appendix A). The dimensionless fracture length parameter at failure was ɉu = 0.88-
0.97 for all specimens; i.e. 88-97% of the length of the shear zone was in the 
fracture domain at failure. 
Steel yielding was observed in almost all specimens with l= 600 mm, and most of 
them failed due to steel fracture. It was concluded that embedment lengths in the 
range of 30 or more would lead to ductile steel failure instead of withdrawal 
failure. Yielding and steel fracture of the rods occurred at load levels which were 
significantly higher than those predicted by the specified yield and ultimate 
strength properties of steel. The elevated strength of steel was attributed to steel 
hardening due to rolling of the thread. 
The analytically estimated force-displacement curves were in general in good 
agreement with the experimental ones. However, the inelastic displacements 
were underestimated by the analytical model because the bi-linear ɒ(x)-Ɂ(x) 
constitutive relationship does not account for the effect of softening prior to 
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failure as shown in Figure 4.2. Specimens with small rod-to-grain angles exhibited 
more brittle behaviour than the ones with larger angles.  
 
4.2.3 Paper iii 
In Paper iii [117] the withdrawal of rods embedded in ‘parallel’, i.e. in a row 
perpendicular to the plane of the grain, was investigated. Rods were embedded in 
two different configurations with (a2.CG, a2) = (2.5, 2) or (a2.CG, a2) = (1.5, 4). 
The angle was varied (Ƚ = 15, 30, 60, 90°). The embedment length was l= 450 mm 
for all specimens.  
According to experimental observation, there was no significant difference 
between the results for the two configurations. The withdrawal capacities were 
compared to the results for single rods and the effective number of rods nef, was 
determined. The effectiveness per each rod was quite high, despite the fact that 
rods were placed with small edge distances and spacings. The following 
expression was proposed for nef : 
݊௘௙ = ൝          1.75 + 0.116 ή ቀ
ߙ
60 °ቁ                 ߙ < 60°
                 ݊଴.ଽ = 1.866                         ߙ ൒ 60°
 (4.11) 
The analytical model was used to predict the withdrawal stiffness and capacity 
(using the reduced effective length, confer Appendix A). FE simulations were also 
performed to estimate the withdrawal stiffness. The analytical and numerical 
estimations were in good agreement with the experimental results.  
 
4.2.4 Paper iv 
The 5-% characteristic values of the withdrawal strength parameter (fax= Fmax/ȉ) 
were calculated in paper iv [116], based on the experimental results of Paper ii 
[115] and some additional experimental results. It is emphasized that in this 
investigation the strength was expressed in terms of the withdrawal strength 
parameter (i.e. the withdrawal strength fw ƚŝŵĞƐʋͿ͘ The characteristic values were 
calculated in accordance with EN14358 [121] for each rod-to-grain angle. It should 
be noted that the requirements of EN1382 [30] with respect to the embedment 
length and the edge distances were not always met.  
The characteristic withdrawal strengths for Ƚ= 0°, 10° were significantly smaller 
than the strengths for greater angles. For rods embedded perpendicular to the 
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grain, the characteristic withdrawal strength parameter was equal to fǤͿͶǤ= 11.92 
MPa. Therefore in accordance with Equation (2.3), fǤȽǤ is given by Equation 
(4.12). The ratio fǤͿͶǤ/fǤͶǤ was equal to 1.17 which was very close to the ratio 
1.20 according to Equation (2.3). 
௔݂௫.஑.௞ = 11.92 (MPa)1.2 ή cosଶߙ+ sinଶߙ 
(4.12) 
Equation (4.12) was extrapolated outside its range (Ƚ < 30°) and provided 
estimations on the safe side for all Ƚ, especially for Ƚ= 20°, 30°.  
Finally, the characteristic withdrawal capacity according to EC5 [16] (Equation 
(2.1)) and the analytical model (Equation (4.3)) were compared to the 
experimental results. The difference between the predictions of the two 
Equations was very small. The capacity of specimens with Ƚ= 20° was, in general, 
equally reliable as the capacity of specimens with larger angles. 
 
4.3 Proposals for future work 
Based on the state of the art knowledge as well as the findings and the limitations 
of the present thesis, the following recommendations for future research are 
proposed: 
x Effect of lateral stresses on withdrawal properties: In the vast majority of 
practical applications screws and threaded rods are loaded with a 
combination of axial and lateral loading. This load combination results in 
bending moment and shear forces in the screw. In fact, some bending 
moment and shear forces in the screw would develop as a result of non-
symmetric conditions, for example insertion of screws with an angle to 
the grain. Compared to pure withdrawal conditions, the existence of 
lateral stresses will affect the shear stress distribution on the 
circumference of the interface and therefore the withdrawal properties.  
x Duration of Loading: It has been shown that the long-term behaviour of 
axially loaded screws embedded parallel to the grain is poor compared to 
short time loading. The duration-of-load effect on the withdrawal 
properties of axially loaded screws and threaded rods with varying angles 
to the grain and embedment lengths needs further investigation.  
x Fatigue: Axially loaded threaded rods may be used as fasteners in 
cyclically loaded timber structures like bridges and towers. Their fatigue 
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withdrawal strength is hence of major importance. However, available 
results on this topic are very sparse.  
x Improved numerical modelling: FE modelling capable of estimating the 
inelastic behaviour of axially loaded screws would provide a better insight 
and estimations. The extended FE method (XFEM) or cohesive zone 
modelling may be appropriate techniques to model post-elastic 
behaviour. Moreover, the modelling of damage and constructional 
imperfections would result in improved estimations of the elastic 
behaviour of axially loaded screws.  
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a b s t r a c t
In the present paper, the withdrawal capacity of threaded rods embedded in timber elements is
investigated using both theoretical and experimental methods. A theoretical approach based on
Volkersen theory, assuming a bi-linear constitutive law is developed. Moreover, an experimental
investigation of withdrawal of threaded rods from glulam elements is presented. Results for specimens
covering a wide range of varying embedment lengths and rod-to-grain angles are provided. The agree-
ment between theoretical estimations and experimental results is good. A nearly linear relation between
embedment length and withdrawal capacity, predicted by the theoretical approach, is validated by the
experimental results.
 2015 Elsevier Ltd. All rights reserved.
1. Introduction
1.1. Background
Threaded connectors, mostly self-tapping screws, have recently
shown a great potential as reinforcements [1–4], in axially loaded
timber-to-timber connections [5,6] and in moment resisting con-
nections [7–10]. In general, connections with axially loaded
threaded connectors show high withdrawal capacity and stiffness.
Long threaded rods and self-tapping screws may, to some extent,
play the same role in timber structures as reinforcement bars do
in concrete structures. When placed with an inclination to the
grain direction, they can arrest cracks which may form along the
grain, and thus transfer stresses across cracks and retain the struc-
tural integrity of timber elements. Due to their length, their with-
drawal capacity and stiffness are not signiﬁcantly affected by local
defects (knots, cracks etc.). Furthermore, connections with rods
screwed into timber elements are less prone to construction
quality issues, less brittle and offer greater ﬁre-protection than
connections with glued-in-rods. They may also facilitate a high
degree of pre-fabrication and hence contribute to easy and fast
erection on construction sites. Finally, ductile connections can be
achieved with these connectors, using the principle of capacity
design [10].
During recent years, a signiﬁcant amount of research has been
performed on the withdrawal of self-tapping screws and threaded
rods embedded in timber elements [9,11–23]. This research has
focused almost exclusively on withdrawal capacity, neglecting
withdrawal stiffness. Withdrawal stiffness is a part of the current
investigation, and theoretical and numerical estimations along
with experimental validation are presented in an accompanying
paper, see [24]. The inﬂuence of important parameters, such as
embedment length, diameter and angle between the rod axis and
the grain direction, on withdrawal capacity, has been sufﬁciently
investigated only for screws with relatively small diameters.
Results available for withdrawal of large diameter threaded
rods are limited to rods installed parallel or perpendicular to the
grain and to rods with relatively short embedment lengths
[9,12,14–16,19]. As for available theoretical models [15,16,19],
http://dx.doi.org/10.1016/j.conbuildmat.2015.07.067
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they are based on the application of classical Volkersen [25] theory
to axially loaded connectors [26], assuming a linear constitutive
law between shear stress and withdrawal displacement. These
models have been validated by experimental results only for rods
with relatively short embedment lengths, and only for rods
inserted parallel to the grain.
Some existing models for calculating the withdrawal capacity
are based on application of regression models on experimental
results [12,14,17,20,23]. This approach is also adopted by
Eurocode 5, EC5 [27]. However, EC5 provides no means of deter-
mining the distribution of stresses and displacements, nor the
withdrawal stiffness. Moreover, EC5 imposes a limitation to the
angle between rod-axis and grain direction (P30), leading to a
lack of guidelines for threaded rods embedded in small inclinations
to the grain direction.
1.2. Outline
A theoretical approach for estimating the withdrawal capacity
of axially loaded connectors embedded in timber elements is
developed in the present paper. This approach is based on classical
Volkersen theory [25] for axially loaded connectors [26], using a
bi-linear constitutive law. In addition, an experimental investiga-
tion of withdrawal of threaded rods from glulam elements is pre-
sented. The parameters of this investigation are the embedment
length and the rod-to-grain angle. The experimental withdrawal
capacities of specimens with a wide range of these parameters
are compared with the theoretical estimations.
2. Theoretical approach
2.1. Theoretical basis
An axially loaded connector embedded in a timber element is
shown schematically in Fig. 1a. The embedment length is denoted
l and the length of the part of the connector that is not embedded
in the timber element is denoted l0. The angle between the connec-
tor axis and the grain direction is denoted a. The outer thread
diameter and the core cross-sectional area of the connector, are
denoted d and As respectively. The withdrawal force is denoted P.
Axis xe is deﬁned with its origin at the entrance point of the
connector, pointing downwards. Depending on the provided sup-
port, three main types of loading conditions may be considered
as shown in Fig. 1b; pull-push, pull-pull and pull-shear loading
conditions.
The theoretical approach is based on classical Volkersen theory
[25] applied on axially loaded connectors [26]. According to [26],
all shear deformation is assumed to occur in an inﬁnitely thin shear
layer while the connector and surrounding wood are assumed to
be in states of pure axial stress. In the present approach, all shear
deformation is assumed to occur in a shear zone of ﬁnite dimen-
sions while, another zone of the wood with cross sectional area
Aw is in a state of pure and uniform axial stress. In reality, parts
of these two zones overlap.
The withdrawal force imposes a shear stress s(x) in the interface
between the timber element and the outer thread surface of the
connector. The displacement of the shear zone is denoted d(x)
and is equal to the relative displacement between the displace-
ments of the connector, us(x), and the wood, uw(x):
dðxÞ ¼ usðxÞ  uwðxÞ ð1Þ
The relation between the interface shear stress, s(x), and the
displacement of the shear zone, d(x), is approximated as
bi-linear, instead of the real non-linear relation, as shown in
Fig. 2. A similar approach can be found in [28]. The idealized,
bi-linear constitutive law is described by the following expression:
sðxÞ ¼ Ce  dðxÞ; dðxÞ 6 de ¼ f w=Ce ð2aÞ
sðxÞ ¼ f w  Cf  ðdðxÞ  deÞ; dðxÞ > de ¼ f w=Ce ð2bÞ
Fig. 1. Axially loaded connector: (a) geometric features, (b) loading conditions and (c) stress state of an inﬁnitesimal small slice dxe.
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where fw and de are the withdrawal strength and the maximum
elastic displacement of the shear zone respectively. The bi-linear
idealization separates the curve in two distinct domains; the linear
elastic domain and the fracture domain. These domains are charac-
terized by the equivalent shear stiffness parameters Ce and Cf,
which are the slopes of the two branches of the bi-linear constitu-
tive law. The term equivalent is used because these parameters
account not only for shear deformation, but also for the relative slip
between the connector and the surrounding wood at the interface.
Note that a positive value of Cf indicates a negative slope of the
curve. Wood is an anisotropic material and thus withdrawal leads
to varying shear stress along the perimeter of the connector.
Therefore, the shear stress should, in general, be considered as an
average stress.
The axial stresses in the core of the connector and in the wood
are assumed to be uniformly distributed and denoted rs(x) and
rw(x) respectively. The mechanical behaviour of the connector
and the wood is assumed to be linear-elastic at all times with mod-
uli of elasticity denoted Es and Ewa respectively (the modulus of
elasticity of wood depends on a). Thus:
esðxÞ ¼ dusðxÞdx ¼
rsðxÞ
Es
ð3aÞ
ewðxÞ ¼ duwðxÞdx ¼
rwðxÞ
Ewa
ð3bÞ
where es(x) and ew(x) are the axial strains in the connector and the
wood respectively. It is assumed that the axial stress in wood dis-
tributes with a slope of stress dispersion equal to 1:3, as shown in
Fig. 3. The area of wood subjected to axial stress is assumed to be
constant and equal to an effective area Aweff [24]. Aweff is deﬁned
as the mean area in axial stress along the length of the connector,
limited by the edge distances and the distance between the sup-
ports and the connector. For a rectangular box-type timber part
symmetrically supported on both sides as depicted in Fig. 3 (which
is the case for the present experimental investigation), Aweff is equal
to:
Aweff ¼ 2  b  fss þminðe; l=6Þ þminðs=2; l=6Þg ð4Þ
where b is the width of the timber part, ss the length of the provided
support, e is the edge distance and s is the distance between
supports.
The modulus of elasticity of wood in an angle to the grain can be
estimated by Hankinson formula:
Ew:a ¼ Ew:0  Ew:90
Ew:0  sin2 aþ Ew:90  cos2 a
ð5Þ
where Ew0 and Ew90 are the moduli of elasticity of wood parallel
and perpendicular to the grain direction respectively.
2.2. Elastic analysis
Fig. 1c shows the stress state of an inﬁnitesimal small slice dxe
of the embedded connector and the surrounding wood in the linear
elastic domain. As long as d(x) does not exceed de, the behaviour is
linear-elastic. For the pull-push loading condition the following
analytical expressions can be derived for the distributions of the
shear stress and the displacement of the shear zone [24]:
sðxeÞ ¼  Pp  d  l 
x  coshðx  ð1 xe=lÞÞ
sinhx
ð6Þ
dðxeÞ ¼  P  b  l  coshðx  ð1 xe=lÞÞx  sinhx ð7Þ
The parameters x and b have been deﬁned as follows:
x ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p  d  Ce  b  l2
q
ð8Þ
b ¼ 1
As  Es þ
1
Aw  Ew:a ð9Þ
Eq. (6) is a hyperbolic monotonic function of xe, whose maxi-
mum point is always at xe = 0. Thus the absolute maximum shear
stress, smax is equal to:
smax ¼ jsðxe ¼ 0Þj ¼ Pp  d  l 
x
tanhx
ð10Þ
By letting the maximum shear stress be equal to the withdrawal
strength in Eq. (10), the elastic capacity Pe is obtained (in dimen-
sionless form):
Pe
p  d  l  f w
¼ tanhx
x
ð11Þ
The elastic capacity Pe, is the maximum withdrawal force that
can be applied to the connector without initiation of in-elastic
behaviour in the shear zone.
The withdrawal displacement is denoted dw and obtained by
setting xe = 0 in Eq. (7). The withdrawal stiffness, Kw, is provided
by the following expression [24]:
Kw ¼ Pdw ¼ p  d  l  Ce 
tanhx
x
; dw 6 de ¼ f w=Ce ð12Þ
Fig. 2. Real and idealized bi-linear s–d curve.
Fig. 3. Determination of Aweff: (a) side view and (b) plan view.
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2.3. Post-elastic analysis
If the withdrawal force P exceeds the elastic capacity Pe as cal-
culated by Eq. (11), a part of the length of the shear zone lf will
enter the fracture domain and exhibit non-elastic behaviour. In
the remaining length, le the behaviour remains linear-elastic. The
transition point that separates the elastic and the fracture domains
is now taken as the new origin, as visualized in Fig. 4a. Positive
xe-axis is still pointing downwards while the positive xf-axis is
pointing upwards. The dimensionless fracture length parameter,
k = lf/l, is deﬁned, as explained in Fig. 4a. For the elastic domain,
the expressions presented in the previous section apply, by setting
le = (1  k)  l and xe = (1  k) x instead of l and x and the corre-
sponding elastic capacity Pe(le) instead of P in Eqs. (6) and (7). Pe(le)
is obtained by setting xe = (1  k)x and le = (1  k)  l instead of x
and l in Eq. (11).
Fig. 4b shows the stress state of an inﬁnitesimal small slice dxf
of the embedded connector and the surrounding wood in the frac-
ture domain. Static equilibrium of this slice and use of Eqs. (1), (2b)
and (3) lead to the following governing differential equation:
d2dðxf Þ
dx2f
þm
2 x2
l2
 dðxf Þ  ðm
2 þ 1Þ x2
l2
 de ¼ 0 ð13Þ
where the parameter m has been introduced as:
m ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Cf =Ce
q
ð14Þ
This parameter m is a measure of the brittleness of the shear
zone. In the limits, m? 0 indicates perfect plastic post-elastic
behaviour, while m?1 indicates totally brittle behaviour.
Eq. (13) is a linear, second-order, ordinary differential equation
with the following solution:
dðxf Þ ¼ D1  sin m x  xfl
 
þ D2  cos m x  xfl
 
þ 1þ 1
m2
 
 de ð15Þ
D1 and D2 are constants to be determined by the following
boundary conditions:
dðxf ¼ 0Þ ¼ de ð16aÞ
ddðxf Þ
dxf

xf¼0
¼ esðxf ¼ 0Þ  ewðxf ¼ 0Þ ¼ PeðleÞ  b ð16bÞ
Eqs. (15) and (16) provide the two equations from which D1 and
D2 can be solved; the result is the displacement distribution of the
shear zone:
dðxf Þ
de
¼ 1þ
tanh ð1 kÞ xð Þ  sin mxxfl
 
m
þ
1 cos mxxfl
 
m2
ð17Þ
It is noted that the displacement given by Eq. (17) may under-
estimate the real displacement, due to the bi-linear approximation
of s–d curve, which neglects the effect of softening prior to frac-
ture, confer Fig. 2. The withdrawal displacement dw is obtained
by setting xf = k  l in Eq. (17).
Combining Eq. (2b) and (17) the shear stress distribution in the
fracture domain is determined:
sðxf Þ
f w
¼ cos m x  xf
l
 
m  tanh ð1 kÞ xð Þ
 sin m x  xf
l
 
ð18Þ
It should be veriﬁed that the shear stress in the entrance is
always positive, i.e. s(xf = k  l) > 0.
For the pull-push loading condition the following boundary
condition also applies:
ddðxf Þ
dxf

xf¼kl
¼ esðxf ¼ k  lÞ  ewðxf ¼ k  lÞ ¼ P  b ð19Þ
Combining Eqs. (17) and (19), an expression which relates the
withdrawal force P with the dimensionless fracture length param-
eter k is obtained:
P
p  d  l  f w
¼ sinðm x  kÞ
x m þ
tanhðð1 kÞ xÞ  cosðm x  kÞ
x
ð20Þ
The only variable in Eq. (20) is the dimensionless fracture length
k. Thus the withdrawal force takes its maximum value when the
derivative of the force with respect to k is equal to zero. Setting this
derivative equal to zero, leads to the following equation:
tanhðð1 kÞ xÞ  ½m  tanðm x  kÞ  tanhðð1 kÞ xÞ ¼ 0 ð21Þ
Fig. 4. Post-elastic behaviour of axially loaded connector: (a) Geometry and (b) stress state of an inﬁnitesimal small slice dxf in the fracture domain.
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Eq. (21) is periodic and it may therefore have multiple roots in
the physical domain of k = (0,1). It has the obvious solution k = 1.0
which accounts for the case in which the whole length of the shear
zone has entered the fracture domain. However, there may be
more solutions in the physical domain of k, and since the shear
stress distribution cannot be a periodic function, the only physi-
cally permissible solution is the minimum positive solution in
the physical domain of k, which is denoted ku. An analytical solu-
tion of Eq. (21) is not feasible; however ku can be obtained as a
function of parameters m and x by the diagram presented in
Fig. 5. The withdrawal capacity of the connector, Puw, is obtained
by substituting ku into Eq. (20).
At some point, for increasing displacement and after the with-
drawal capacity is reached, the shear zone will be entirely in the
fracture domain, i.e. k = 1. Beyond this displacement level, the dis-
placement of the shear zone, the shear stress and the withdrawal
force are denoted df, sf and Pf respectively. The following boundary
conditions apply in this case:
ddf ðxf Þ
dxf

xf¼0
¼ esðxf ¼ 0Þ  ewðxf ¼ 0Þ ¼ 0 ð22aÞ
ddf ðxf Þ
dxf

xf¼l
¼ esðxf ¼ lÞ  ewðxf ¼ lÞ ¼ Pf  b ð22bÞ
By use of Eqs. (1), (2b), (3), (15) and (22), the following expressions
are obtained for the relationship between the withdrawal force and
the withdrawal displacement (dw = df (xf = l)), and for the shear
stress distribution:
Pf
p  d  l  f w
¼ tanðm xÞ
x m  1þm
2 m2  dw
de
 
;
dw
de
> 1þ 1 cosðm xÞ
m2
ð23Þ
sf ðxf Þ ¼ Pfp  d  l 
x m  cos mxxfl
 
sinðx mÞ ð24Þ
The evolution of the shear stress distribution for increasing
withdrawal displacement is plotted in Fig. 6. The entrance point
of the connector is at x = 0 and the tip is at x = l.
The expressions derived in this section apply for the pull-push
loading condition. However, they also apply for the pull-shear
loading condition, assuming Aw?1 and thus b = 1/As  Es. The
respective expressions for the pull-pull loading condition are not
presented herein.
3. Experimental tests
3.1. Experimental set-up
The experimental set-up for the withdrawal tests is presented
in Fig. 7. As shown, the loading condition of the specimens was a
‘remote’ pull-push (i.e. the support was provided in the same plane
surface as the entrance of the rod, but at a distance to the rod). A
thin steel plate, as shown in Fig. 7d, was placed between the sup-
ports and the specimen. The plate was used to counteract tensile
stresses due to bending, while allowing for local deformation on
the surface of the specimen. Two displacement transducers were
placed next to the supports of the specimen, measuring the relative
displacement between the rod and support as shown in
Fig. 7a, c and e. The average of these two measurements was used
for the displacement. Testing was performed using the loading pro-
tocol given in EN 26891:1991 (ISO6891:1983) [29].
3.2. Materials
The specimens were cut from glulam beams of Scandinavian
class L40c, which corresponds to European strength class GL30c
[30]. This type of glulam is fabricated with 45 mm thick lamellas,
made of Norwegian spruce (picea abies). For increased homogene-
ity, all specimens were manufactured such that the rods were
inserted in the vicinity of the inner, weaker lamellas of the beams.
SFS WB-T-20 [31] steel threaded rods were used. These rods are
made according to DIN7998 [32] and a lay-out is shown in Fig. 8.
The outer-thread diameter d of the rods is 20 mm and core diam-
eter dc is 15 mm. The pitch distance is c = 7 mm. According to the
manufacturer, the steel grade of the rods is 8.8 and their character-
istic tensile capacity Pukrod is 145 kN.
Fig. 5. Diagram for the determination of ku.
Fig. 6. Evolution of shear stress distribution for increasing withdrawal displacement.
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3.3. Specimens
Prior to rod installation, all specimens were pre-drilled with a
diameter equal to the core diameter of the rods, i.e. 15 mm. All
specimens were conditioned to standard temperature and relative
humidity conditions (20 C/65% R.H.), leading to approximately
12% moisture content in the wood. The parameters of the experi-
mental investigation were the rod-to-grain angle and the embed-
ment length of the rod. Specimens with 6 different rod-to-grain
angles (a = 0, 10, 20, 30, 60 and 90) and 4 different embed-
ment lengths (l = 100, 300, 450, 600 mm) were tested. Five tests
were performed for each sub-group of parameters. The width, b,
of the glulam beams and consequently of all specimens was equal
to 140 mm. The specimens are denoted Sa-l-no, based on their
rod-to-grain angle a, the embedment length l and the serial
number of the test within each set of parameters. The dimensions
and parameters of the specimens are given in Table 1. The symbols
are explained in Fig. 7. For all specimens, the distance between sup-
ports was s = 185mm and the free length l0 of the threaded rod
(between the entrance point and the clamping point) was 25 mm.
4. Results and discussion
4.1. Experimental results and failure modes
The mean experimentally measured capacities, the standard
deviation and the coefﬁcient of variation for each sub-group of
specimens are summarized in Table 1. Moreover, the failure modes
of specimens with different rod-to-grain angles are depicted in
Fig. 9. All specimens with rods installed parallel to the grain direc-
tion failed due to withdrawal of the threaded rod along the inter-
face plane between wood and the outer diameter, as shown in
Fig. 9a–c. In some of these specimens a tensile crack developed
on the surface as shown in Fig. 9a. As expected, the crack
originated at the wood-rod interface and propagated in the radial
direction. However, the steel plate might have prevented the
propagation of this crack toward the edges of the specimen.
Finally, the development of this crack did not seem to have any
impact on the capacity of these specimens.
Yielding of the rod was observed in the majority of specimens
with embedment length equal to 600 mm and also in some of
the specimens with embedment length equal to 450 mm. Three
specimens in series S10-600 and all 5 specimens in series
S20-600 and S30-600 failed due to steel fracture as shown in
Fig. 9g. In all these specimens the steel fracture was observed in
the free part of the rod, between the entrance and the clamping
point. In the other specimens where the rod yielded, the increasing
force due to steel hardening, led to withdrawal failure prior to steel
fracture. Yielding and steel fracture of the rods occurred at load
levels which were signiﬁcantly higher than those predicted by
the speciﬁed yield and ultimate strength properties of steel. The
observed increased strength of steel might be attributed to steel
hardening due to thread rolling.
For specimens with rods installed at an angle to the grain direc-
tion, wood failure also occurred in the interface plane between
wood and the outer-thread diameter; confer Fig. 9e, f, i, j and l.
This failure mode was combined with a shear tear-off failure of a
wooden piece at the entrance point, at an angle equal to the
rod-to-grain angle; see Fig. 9d and h. Finally, specimens with rods
installed perpendicular to the grain direction exhibited withdrawal
failure combined with extensive normal deformation of the ﬁbers,
as shown in Fig. 9k and l.
4.2. Parameters of the bi-linear constitutive law
The necessary input parameters for the determination of the
bi-linear constitutive law are the equivalent shear stiffness Ce,
Fig. 7. Experimental set-up: (a) virtual 3D representation, (b) plan view, (c) side view, (d) geometry of steel plate and (e) photo.
Fig. 8. Geometry of SFS WB-T-20 threaded rods (DIN 7998 [32]).
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Table 1
Specimens’ parameters, dimensions and results.
Specimen Dimensions Density Experimental results Theoretical estimationa
I.D. b  h  L qm Pumean St. Dev. C.o.V. Aweff Pe ku Puw
(Sa-l-no) (mm) (kg/m3) (kN) (kN) (–) (mm2) (kN) (–) (kN)
S0-100-(1-5) 140  270  300 447 27.3 3.9 0.14 16,567 25.8 0.90 27.2
S0-300-(1-5) 140  270  350 474 89.7 10.5 0.12 25,900 55.4 0.90 79.7
S0-450-(1-5) 140  270  500 458 130.2 31.1 0.24 32,900 62.8 0.89 115.4
S0-600-(1-5) 140  270  650 443 161.6 8.4 0.05 37,800 65.3 0.88 146.4
S10-100-(1-5) 140  300  300 457 26.3 4.9 0.19 20,533 25.7 0.94 27.3
S10-300-(1-5) 140  300  350 479 99.8 9.8 0.10 30,100 54.5 0.94 80.7
S10-450-(1-5) 140  300  500 446 127.5 17.6 0.14 37,100 61.5 0.93 118.4
S10-600-(1-5) 140  300  650 462 173.1b 5.2 0.03 42,000 63.9 0.93 152.9
S20-100-(1-5) 140  450  300 475 30.5 6.8 0.22 20,533 25.5 0.96 27.6
S20-300-(1-5) 140  450  350 478 98.7 10.6 0.11 39,200 53.2 0.95 81.7
S20-450-(1-5) 140  450  500 473 145.8 9.2 0.06 53,200 60.3 0.95 120.5
S20-600-(1-5) 140  450  650 481 175.7c 0.80 0.01 63,000 62.9 0.95 157.1
S30-100-(1-5) 140  500  300 479 27.0 4.0 0.15 20,533 25.2 0.96 27.9
S30-300-(1-5) 140  500  350 477 99.9 10.7 0.11 39,200 51.0 0.96 82.8
S30-450-(1-5) 140  500  500 475 144.6 13.3 0.09 53,200 57.9 0.96 122.4
S30-600-(1-5) 140  500  650 486 176.7c 0.9 0.01 65,100 60.9 0.96 160.2
S60-100-(1-5) 140  300  500 476 28.5 5.5 0.19 20,533 25.1 0.97 29.2
S60-300-(1-5) 140  350  350 488 93.6 11.6 0.12 37,100 47.1 0.97 86.7
S60-450-(1-5) 140  350  500 476 141.7 4.5 0.03 44,100 52.1 0.97 128.1
S90-100-(1-5) 140  350  300 475 29.9 2.9 0.10 20,533 25.4 0.96 29.9
S90-300-(1-5) 140  350  350 488 96.5 7.0 0.07 37,100 47.2 0.96 88.3
S90-450-(1-5) 140  350  500 486 139.2 7.4 0.05 44,100 52.3 0.96 129.8
a Input values: As = p  dc2/4 = 176.6 mm2 , Es = 210,000 MPa, Ew0 = 13,000 MPa, Ew90 = 410 MPa.
b Steel fracture in 3/5 rods.
c Steel fracture in all 5 rods.
Fig. 9. Failure modes of specimens with a = 0 (a)–(c), a = 30 (d)–(g), a = 60 (h)–(j) and a = 90 (k)–(l).
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the withdrawal strength fw and the brittleness parameter m. The
elastic properties of wood depend on a and thus these parameters
also depend on a. In an accompanying paper [24], the following
expression has been derived for Ce as function of a for the same
experimental specimens (in MPa/mm) [24]:
Ce:a ¼ 9:35
1:5  sin2:2 aþ cos2:2 a
ð25Þ
The withdrawal strength fw and the parameterm can be derived
from experimental results of specimens with a sufﬁciently short
embedment length, so that the shear stress and displacement of
Fig. 10. (a) Withdrawal strength and (b) m-parameter as functions of a.
Fig. 11. Experimental and theoretical capacities as function of embedment length.
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the shear zone at and after failure, can be approximated as
uniformly distributed. In such a case, the withdrawal strength
can be calculated as the capacity of the specimen divided by the
interface area. The slope of the descending part of s–d curve, Cf
and thus m can be found by ﬁtting a line in this part, confer
Fig. 2. The withdrawal strength fw and parameter m were derived
from the experimental results for all specimens with the smallest
embedment length, i.e. l = 100 mm. Regression analysis showed
Fig. 12. P–dtot curves for specimens with (a) a = 0, (b) a = 30, (c) a = 60 and (d) a = 90.
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low correlation between fw and a and high correlation between m
and a. A generalized Hankinson formula was used to ﬁt the exper-
imentally obtained results and regression led to the following
expressions for fw (in MPa) and m as functions of a:
f w:a ¼
f w:0
f w:0
f w:90
 sin2 aþ cos2 a
¼ 4:35
0:91  sin2 aþ cos2 a
ð26Þ
ma ¼ m0m0
m90
 sinaþ cosa ¼
0:332
1:73  sinaþ cosa ð27Þ
It is noted that Eq. (26) coincides with the classical Hankinson
formula. In Eq. (27) the trigonometric functions are not squared.
Fig. 10 shows the mean and the individual experimentally obtained
values of fw and m, as well as the estimated values determined by
Eqs. (26) and (27), as function of rod-to-grain angle.
4.3. Theoretical versus experimental results
The withdrawal capacity was estimated for all specimens by use
of Eq. (20), as discussed in Section 2.3. The theoretical estimations
for the elastic capacity Pe, the withdrawal capacity Puw and the cor-
responding dimensionless fracture length, ku, can be found in
Table 1, for each sub-group of specimens. The theoretical estima-
tions for the withdrawal capacity and the experimentally mea-
sured capacities of the specimens, due to withdrawal or steel
fracture, are plotted in Fig. 11 as functions of the embedment
length for all rod-to-grain angles. The specimens which failed
due to steel fracture had apparently greater withdrawal capacity.
Fig. 11 shows that the agreement between the theoretical estima-
tion and the experimental results is, in general, good. The theoret-
ical approach predicts a nearly linear relation between the
withdrawal capacity and the embedment length, until steel failure
takes place. This prediction was validated by the experimental
results. The theoretical values are slightly conservative; this can
probably be explained by the fact that conﬁning, due to the com-
pressive stress from the specimen support, is not accounted for
in the theoretical approach.
The theoretical and the experimental force-total displacement
curves for all specimens with rod-to-grain angles equal to 0, 30,
60 and 90 are depicted in Fig. 12. The theoretical total displace-
ment dtot was obtained by adding the elongation of the free length
of the rod, us0 = P  l0/As  Es, to the withdrawal displacement dw.
The theoretically estimated curves are generally in good agreement
with the experimental ones, especially for specimens with small
rod-to-grain angles. However, they underestimate the withdrawal
displacement because the bi-linear constitutive law does not
account for the effect of softening prior to fracture. Moreover, in
specimens S60-450 and S90-450 the compressive strength of the
wood under the supports was exceeded for high withdrawal force
levels, which resulted in a deviation between the theoretical and
the experimental curves. Finally, Fig. 12 shows that increasing
rod-to-grain angle led to a less brittle behaviour of the specimens.
5. Concluding remarks
The withdrawal capacity of axially loaded threaded rods
screwed into timber elements was studied, using both theoretical
and experimental methods. Specimens covering a wide range of
rod-to-grain angles and embedment lengths were tested. The outer
thread diameter of the threaded rods was constant and equal to
20 mm. The following main conclusions are drawn:
 The experimental specimens showed in general high with-
drawal capacity.
 The withdrawal capacity can be predicted with good accuracy
using a simple analytical procedure based on Volkersen theory.
The theoretical estimations for withdrawal capacity are in
general in good agreement with the experimental results, but
might be slightly conservative.
 A nearly linear relation between the embedment length and the
withdrawal capacity was predicted by the theoretical approach,
which was validated by experimental results.
 The specimens with small rod-to-grain angles exhibited more
brittle behaviour than the ones with larger angles.
 For several specimens with long embedment lengths (i.e.
450 mm and 600 mm), steel yielding was observed. Some of
these specimens failed due to steel fracture. Embedment
lengths in the range 600 mm and more will lead to ductile steel
failure instead of withdrawal failure.
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1 Introduction 
 
Long threaded rods show high withdrawal capacity and stiffness and thus they may 
be used in order to realize strong and stiff connections for timber structures. In com-
parison to dowel-type connectors, they have no initial soft response and no initial 
slip. In comparison to glued-in-rods they are less prone to construction quality issues, 
less brittle and offer greater protection against high temperatures (Mischler and 
Frangi 2001). Due to their length, their withdrawal capacity and stiffness are not sig-
nificantly affected by local defects. Furthermore, a high degree of pre-fabrication is 
possible and hence easy and fast erection on site may be achieved. 
Over the last years, the vast majority of the research effort has been devoted to the 
withdrawal capacity of screws with diameters up to 12 mm. The influence of parame-
ters such as the embedment length and the angle between the screw axis and the 
grain direction has been investigated; see for example (Pirnbacher, Brandner and 
Schickhofer 2009, Frese and Blaß 2009). On the other hand, the research effort on 
the withdrawal capacity and also stiffness of threaded rods with diameters up to 20-
25mm has not been so intensive and mostly it is limited to rods installed parallel and 
perpendicular to the grain (Jensen et al. 2011, Jensen et al. 2012, Nakatani and 
Komatsu 2004, Mori et al. 2008). 
Eurocode 5, EC5 (CEN 2004) do not provide guidelines for the estimation of the with-
drawal stiffness which is required for the evaluation of the stiffness of connections 
with threaded connectors (Tomasi, Crosatti and Piazza 2010, Malo and Ellingsbø 
2 
2010). Some expressions may be found in technical approvals of screws, but mostly 
these expressions are valid for screws with relatively small diameters. Moreover, EC5 
does not allow the installation of rods in an angle to the grain less than 30° in order 
to eliminate the risk of splitting failure. However, in practice, it may be desired to in-
stall threaded rods in an angle to the grain smaller than 30° (in combination with 
some sort of reinforcement to prevent splitting failure). 
In the present paper, an experimental study on withdrawal of threaded rods embed-
ded in glue-laminated timber (abbr. glulam) elements is presented. The parameters 
of this study were the embedment length and the angle between the rod axis and the 
grain direction (with emphasis on angles which are smaller than 30°). Moreover, ana-
lytical expressions for the estimation of withdrawal capacity and stiffness are provid-
ed. The characteristic withdrawal capacity and the mean withdrawal stiffness were 
obtained by the experimental results and compared to the analytical estimations.  
 
2 Experimental methods 
 
2.1 Experimental set-up  
The experimental set-up for the withdrawal tests is presented in Figure 1. As shown, 
the loading condition of the specimens was a ‘remote’ pull-push (i.e. the support was 
provided in the same plane surface as the entrance of the rod, but at a distance to 
the rod). A thin steel plate, as shown in Fig. 1d, was placed between the supports and 
the specimen. The plate was used to counteract bending stresses and prevent tensile 
splitting failure, while allowing local deformation on the surface of the specimen in 
the vicinity of the rod. Two displacement transducers were placed next to the sup-
ports of the specimen, measuring the relative displacement between the rod and 
support as shown in Figures 1a, 1c and 1e. The average of these two measurements 
was used for the displacement. Testing was performed using the loading protocol 
given in EN 26891:1991 (ISO6891:1983) (CEN 1991). 
 
2.2 Materials  
The specimens were cut from glulam beams of Scandinavian class L40c which corre-
sponds to European strength class GL30c (CEN 2013). This type of glulam is fabricat-
ed with 45 mm thick lamellas, made of Norwegian spruce (WŝĐĞĂďŝĞƐ). The mean 
and characteristic density of L40c is ʌŵĞĂŶ = 470 kg/m3 and ʌŬ = 400 kg/m3 respective-
ly. The mean moduli of elasticity, parallel and perpendicular to the grain, are Ϭ͘ŵĞĂŶ = 
13000 MPa and ϵϬ͘ŵĞĂŶ =410 MPa respectively, and the shear modulus is '= 760 
MPa.  
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For increased homogeneity, all specimens were manufactured such that the rods 
were inserted in the inner, weaker lamellas of the beams. SFS WB-T-20 (DIBt 2010) 
steel threaded rods were used. These rods are made according to DIN7998 (DIN 
1975). The outer-thread diameter Ě of the rods is 20 mm and the core diameter, ĚĐ, is 
15 mm. According to the manufacturer, the steel grade of the rods is 8.8 and their 
characteristic tensile capacity is 145 kN. 
 
2.3 Specimens  
Prior to rod installation, all specimens were pre-drilled with a diameter equal to ĚĐ. All 
specimens were conditioned to standard temperature and relative humidity condi-
tions (20°C / 65% R.H.), leading to approximately 12% moisture content in the wood. 
The parameters of the experimental investigation were the rod-to-grain angle, ɲ, and 
the embedment length of the rod, ůĞĨ. Specimens with 6 different rod-to-grain angles 
(ɲ = 0, 10, 20, 30, 60 and 90°) and 4 different embedment lengths (ůĞĨ = 100, 300, 450, 
600 mm) were tested. The series of specimens are denoted Sɲ-ůĞĨ, based on their rod-
to-grain angle and embedment length. The width, ď, of the glulam beams and conse-
quently of all specimens was equal to 140 mm. A full description of the specimens’ 
dimensions can be found in (Stamatopoulos and Malo 2015b). 
 

&ŝŐƵƌĞϭ͘ǆƉĞƌŝŵĞŶƚĂůƐĞƚͲƵƉ͗;ĂͿϯƌĞƉƌĞƐĞŶƚĂƚŝŽŶ͕;ďͿƉůĂŶǀŝĞǁ͕;ĐͿƐŝĚĞǀŝĞǁ͕;ĚͿƐƚĞĞůƉůĂƚĞĂŶĚ
;ĞͿƉŚŽƚŽ
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3 Eurocode 5 
According to EC5 (for screws with Ě > 12 mm) the characteristic withdrawal capacity, 
&Ăǆ͘ZŬ, is given by (the expression is re-arranged):  
ܨ௔௫Ǥோ௞ ൌ  ݊௘௙ ή ௔݂௫Ǥ஑Ǥ௞ ή ݀ ή ݈௘௙  (1) 
The parameter ŶĞĨ is the effective number of screws and equal to ŶĞĨ = Ŷ0.9, where Ŷ is 
the number of screws acting together in a connection. The withdrawal strength pa-
rameter, ĨĂǆ͘ɲ͘Ŭ, is given by: 
௔݂௫ Ǥ஑Ǥ௞ ൌ ௔݂௫Ǥଽ଴Ǥ௞ͳǤʹ ή ଶߙ ൅ ଶߙ ή ൬
ߩ௞
ߩୟ ൰
଴Ǥ଼
ሺߙ ൒ ͵Ͳιሻ (2) 
where ĨĂǆ͘ϵϬ͘Ŭ is the withdrawal strength parameter perpendicular to the grain which 
must be experimentally determined, for the associated density ʌa. EC5 provides no 
guidelines for the estimation of withdrawal stiffness. 
In the technical approval of WB-T-20 rods, Z-9.1-777 (DIBt 2010), the following ex-
pression is provided for the withdrawal strength parameter (unit MPa and kg/m3): 
௔݂௫ Ǥ௞ ൌ ͹Ͳ ή ͳͲି଺ ή ߩ௞ଶሺͶͷι ൑ ߙ ൑ ͻͲιሻ (3)
4 Analytical model 
Analytical estimations can be obtained by use of the concept of the classical 
Volkersen theory (Volkersen 1938), applied for axially loaded connectors (Jensen et 
al. 2001). This model has initially been developed assuming that all shear defor-
mation occurs in an infinitely thin shear layer, while the connector and surrounding 
wood are assumed to be in states of pure axial stress. The shear stress-displacement 
behaviour (ʏ - ɷ) of the shear layer is approximated by a linear constitutive law, which 
is a reasonable approximation for glued-in-connectors.  
In the case of screwed-in connectors, however, it is more convenient to assume a bi-
linear constitutive law, because these connectors are by far less brittle than glued-in 
connectors and their post-elastic behaviour should not be omitted. The bi-linear con-
stitutive law is presented in Figure 2. The bi-linear idealization separates the curve in 
two distinct domains; the linear elastic domain and the fracture domain. These do-
mains are characterized by the equivalent shear stiffness parameters ȳĞ and ȳĨ, which 
are the slopes of the two branches of the bi-linear constitutive law. The advantage of 
this method is that, apart from the withdrawal capacity and stiffness, it also allows 
5 
the estimation stress and displacement distributions for any given withdrawal force 
level. Thus, an analytical estimation of the force-displacement curve can be obtained. 
Note that all shear deformation is assumed to occur in a shear zone of finite dimen-
sions. A full description of this method is given in (Stamatopoulos and Malo 2015a).   
 
 
&ŝŐƵƌĞϮ͘ŝͲůŝŶĞĂƌĂƉƉƌŽǆŝŵĂƚŝŽŶŽĨʏͲɷĐƵƌǀĞ
 
The withdrawal stiffness, <ǁ, and the characteristic withdrawal capacity, &Ăǆ͘ZŬ, are 
provided by the following expressions (Stamatopoulos and Malo 2015a, Jensen et al. 
2001): 
ܭ௪ ൌ Ɏ ή ݀ ή ݈௘௙ ή ߁௘ ή ߱߱  (4) 
ܨ௔௫Ǥ஑Ǥோ௞
݀ ή ݈௘௙ ή ௔݂௫ǤఈǤ௞ ൌ
ሺ݉ ή ߱ ή ߣ௨ሻ
߱ ή ݉ ൅
ሼሺͳ െ ߣ௨ሻ ή ߱ሽ ή ሺ݉ ή ߱ ή ߣ௨ሻ
߱  (5) 
Note that these expressions are valid for pull-push or pull-shear loading conditions, 
but not for the pull-pull loading condition. The parameter ŵ has been introduced as: 
݉ ൌට߁௙ ߁௘Τ  (6) 
This parameter is a measure of the brittleness of the shear zone. In the limits, ŵїϬ
indicates perfect plastic post-elastic behaviour, while ŵїьŝŶĚŝĐĂƚĞƐƚŽƚĂůůǇďƌŝƚƚůĞ
behaviour. The parameters ʘ and ɴ have been defined as follows: 
߱ ൌ ටߨ ή ݀ ή ߁௘ ή ߚ ൉ ݈௘௙ଶ  (7) 
ߚ ൌ  ͳܣ௦ ή ܧ௦ ൅
ͳ
ܣ௪ ή ܧ௪Ǥఈ 
(8) 
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where Ɛ and ǁ͘ɲ are the moduli of elasticity of steel and wood (as function of ɲ), re-
spectively. Ɉhe core cross-sectional area of the rod is Ɛ сʋ·ĚĐ2/4 and ǁ is the area of 
wood subjected to axial stress. ǁ͘ɲ may be estimated by the Hankinson formula and 
ǁ by an effective area, confer (Stamatopoulos and Malo 2015b). The parameter ʄƵis 
a dimensionless length parameter which expresses the percentage of the embed-
ment length (at failure), in which post-elastic behaviour takes place and it can be de-
termined by the diagram in Figure 3.  
 
 
Figure 3. Diagram for the determination of parameter ʄƵ 
 
The parameters ȳĞ (in MPa/mm) and ŵ are provided as functions of ɲ͕ďǇƚŚĞĨŽůůŽw-
ing expressions(Stamatopoulos and Malo 2015a): 
߁௘Ǥఈ ൌ ͻǤ͵ͷͳǤͷ ή ଶǤଶߙ ൅ ଶǤଶߙ (9) 
݉ఈ ൌ ݉଴ሺ݉଴ ݉ଽ଴ሻΤ ή ߙ ൅ ߙ ൌ
ͲǤ͵͵ʹ
ͳǤ͹͵ ή ߙ൅ ߙ  (10) 
Finally, ĨĂǆ͘ɲ͘Ŭ can be calculated by Equation (2). 
 
5 Results and discussion 
 
5.1 Withdrawal stiffness 
The experimentally derived mean values of <ǁ and the coefficient of variation (abbr. 
C.o.V.) for all embedment lengths and rod-to-grain angles are summarized in Table 1. 
The sample size for each sub-set of parameters (ůĞĨ and ɲ) was 5 tests. The analytical 
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estimations are compared to the experimental results in Figure 4, where <ǁ is plotted 
as function of ůĞĨ for all rod-to-grain angles. Results from finite element simulations 
are also provided in Figure 4. The finite element model has been presented in detail 
in (Stamatopoulos and Malo 2015b). 
 
dĂďůĞϭ͘ǆƉĞƌŝŵĞŶƚĂůůǇƌĞĐŽƌĚĞĚŵĞĂŶǁŝƚŚĚƌĂǁĂůƐƚŝĨĨŶĞƐƐ;ƵŶŝƚƐŬEͬŵŵͿĂŶĚ͘Ž͘s͘  
 ůĞĨ =100 mm ůĞĨ =300 mm ůĞĨ = 450 mm ůĞĨ  = 600 mm 
 <ǁ͘ŵĞĂŶ /C.o.V. <ǁ͘ŵĞĂŶ /C.o.V. <ǁ͘ŵĞĂŶ /C.o.V. <ǁ͘ŵĞĂŶ /C.o.V. 
ɲ = 0° 54.6 / 0.16 121.0 / 0.30 121.8 / 0.13 128.6 / 0.17 
ɲ = 10° 56.0 / 0.27 137.3 / 0.19 132.8 / 0.22 131.1 / 0.05 
ɲ = 20° 53.8 / 0.23 125.9 / 0.20 121.7 / 0.16 128.0 / 0.14 
ɲ = 30° 42.6 / 0.27 111.2 / 0.11 100.3 / 0.10 114.8 / 0.11 
ɲ = 60° 36.6 / 0.33  73.5 / 0.17  90.1 / 0.09 (-)1 
ɲ = 90° 29.0 / 0.31 61.4 / 0.11 66.6 / 0.16 (-)1 
1 Experiments were not performed for ůĞĨ = 600mm and ɲ = 60°, 90° 
 
 
&ŝŐƵƌĞϰ͘tŝƚŚĚƌĂǁĂůƐƚŝĨĨŶĞƐƐĂƐĨƵŶĐƚŝŽŶŽĨůĞĨ
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It is clear from the experimental results that the specimens exhibited high stiffness, 
especially for small rod-to-grain angles. As shown in Figure 4, the increase of with-
drawal stiffness due to increasing embedment length becomes gradually smaller as 
the embedment length increases. This is estimated both analytically and by numerical 
results and validated experimentally. In fact, the experimental results for these 
threaded rods suggest that <ǁ has no correlation with the embedment length if ůĞĨ  
300 mm. This is especially true for small rod-to-grain angles. Finally, according to ex-
perimental observations, no initial slip occurred if the threaded steel coupling parts 
of the set-up were tightly fastened.  
5.2 Withdrawal strength parameter 
The withdrawal strength parameter was calculated for all angles from the experi-
mental results for all specimens. The mean values, the C.o.V., the median and the 
5%-fractile characteristic values are provided in Table 2. It should be noted that the 
requirements of EN1382 (CEN 1999) for the determination of ĨĂǆ͘ɲ have not been met 
with respect to the embedment length and the edge distances. The characteristic 
values are calculated according to EN14358 (CEN 2006). In comparison to the exper-
imental results presented in the previous Section, some additional experimental re-
sults have been used in Sections 5.2 and 5.3.  
dĂďůĞϮ͘sĂůƵĞƐŽĨƚŚĞǁŝƚŚĚƌĂǁĂůƐƚƌĞŶŐƚŚƉĂƌĂŵĞƚĞƌĨĂǆ͘ɲ 
 ĨĂǆ͘ɲ  = &ŵĂǆ/ Ě·ůĞĨ (MPa) 
EƵŵďĞƌŽĨƚĞƐƚƐ DĞĂŶ ͘Ž͘s͘ DĞĚŝĂŶ ϱйͲĨƌĂĐƚŝůĞ 
ɲ = 0° 25 13.81 0.152 13.79 10.19
ɲ = 10° 22 14.14 0.168 13.90 10.06
ɲ = 20° 20 15.70 0.145 16.05 11.46
ɲ = 30° 20 15.16 0.136 15.52 11.47
ɲ = 60° 16 15.17 0.124 15.75 11.50
ɲ = 90° 20 14.88 0.108 15.04 11.92
* Note: the requirements of EN 1382 with respect to ůĞĨ and the edge distances were not met for all speci-
mens  
The variability decreases with increasing angle. The ratio ĨĂǆ͘ϵϬ͘Ŭ / ĨĂǆ͘Ϭ͘Ŭ is equal to 1.17 
which is very close to the ratio 1.20 according to Equation (2). Moreover, the with-
drawal strength for rod-to grain angles 0° and 10° is significantly smaller than the 
withdrawal strength for greater angles. The experimental results together with the 
estimations by Equations (2) and (3) are presented in Figure 5. 
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&ŝŐƵƌĞϱ͘tŝƚŚĚƌĂǁĂůƐƚƌĞŶŐƚŚƉĂƌĂŵĞƚĞƌĂƐĨƵŶĐƚŝŽŶŽĨɲ

5.3 Withdrawal capacity 
All specimens with ůĞĨ  450 mm failed due to withdrawal of the rod. In a few speci-
mens with ůĞĨ = 450 mm yielding of the rod was observed, however the increasing 
force due to steel hardening led to withdrawal failure prior to steel fracture. In the 
vast majority of the specimens with ůĞĨ = 600 mm yielding of the rod was observed. All 
5 specimens in S20-600 and S30-600 series and 3 out of 5 specimens in S10-600 se-
ries failed due to steel fracture (none in the S0-600 series). These values have been 
excluded from the calculation of ĨĂǆ͘ɲ in the previous Section. Yielding and steel frac-
ture of the rods occurred at load levels which were significantly higher than those 
predicted by the nominal yield and ultimate strength properties of steel. The ob-
served increase in strength of the steel can probably be attributed to steel hardening 
due to thread rolling.   
The mean experimentally recorded capacities and their C.o.V. as well as the charac-
teristic capacity for all embedment lengths and rod-to-grain angles are summarized 
in Table 3. The characteristic capacities have also been calculated according to EN 
14358. A minimum C.o.V equal to 0.05 was used to calculate the characteristic capac-
ities, in cases where C.o.V. was smaller.  
The experimentally recorded capacities, together with the EC5 and the analytical es-
timations are plotted as function of the embedment length for all rod-to-grain angles 
in Figure 6. The withdrawal strength parameter was determined by Equation (2) and 
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by setting ĨĂǆ͘ϵϬ͘Ŭ = 11.92 MPa (from Table 2). Note that Equation (2) has been used al-
so outside its valid range for ɲ. 
 
dĂďůĞϯ͘ǆƉĞƌŝŵĞŶƚĂůůǇƌĞĐŽƌĚĞĚǁŝƚŚĚƌĂǁĂůĐĂƉĂĐŝƚǇĨŽƌĂůůƐƉĞĐŝŵĞŶƐ;ŝŶŬEͿ
 ůĞĨ =100 mm  ůĞĨ =300 mm ůĞĨ = 450 mm ůĞĨ  = 600 mm 
 (10 tests) (5 tests) (5 tests) (5 tests) 
 &Ăǆ͘Zŵ / C.o.V. /&Ăǆ͘ZŬ &Ăǆ͘Zŵ / C.o.V. /&Ăǆ͘ZŬ &Ăǆ͘Zŵ / C.o.V. /&Ăǆ͘ZŬ &Ăǆ͘Zŵ / C.o.V. /&Ăǆ͘ZŬ 
ɲ = 0° 26.2 / 0.14 / 19.6 89.7 / 0.12 / 66.8 130.2 / 0.24 / 66.7  161.6 / 0.05 / 141.8 
ɲ = 10° 25.8 / 0.18 / 17.9 99.8 / 0.10 / 76.9 127.5 / 0.14 / 88.7 173.11a / (-) / (-) 
ɲ = 20° 30.2 / 0.19 / 19.5 98.7 / 0.11 / 74.3 145.8 / 0.06 / 124.7  175.7/0.01/155.31b  
ɲ = 30° 27.9 / 0.13 / 20.9 99.9 / 0.11 / 77.4 144.6 / 0.09 / 115.5 176.7/0.01/156.21b 
ɲ = 60° 28.7 / 0.17 / 18.3 2 93.6 / 0.12 / 66.9 141.7 / 0.03 / 125.2 (-) 3 
ɲ = 90° 28.0 / 0.12 / 21.7 96.5 / 0.07 / 80.8 139.2 / 0.05 / 121.9 (-) 3 
1a Steel and withdrawal failures were observed and thus no characteristic capacity was calculated, 1b Steel 
failure, characteristic value calculated with C.o.V = 0.05, 2 6 tests (instead of 10), have been performed for ůĞĨ 
= 100mm and ɲ = 60°, 3 No experiments performed for ůĞĨ = 600mm and ɲ = 60°, 90.  
 
 
&ŝŐƵƌĞϲ͘tŝƚŚĚƌĂǁĂůĐĂƉĂĐŝƚǇĂƐĨƵŶĐƚŝŽŶŽĨůĞĨ
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As shown in Figure 6, Equation (5) results in a nearly linear relation between the ca-
pacity and the embedment length and thus the difference between Equations (1) and 
(5) is small. The estimations by Equations (1) and (5) are generally conservative, es-
pecially for ůĞĨ шϯϬϬŵŵ and for ɲ ш 20°. According to the experimental results, the 
withdrawal capacity of specimens with ɲ = 20° was equally reliable as the capacity of 
specimens with greater angles. On the other hand, for ɲ < 20° the capacity may be 
less reliable like in series S0-450 where the evaluated from experiments characteristic 
capacity was smaller than the analytical prediction. 
Finally, it has been reported (Ringhofer and Schickhofer 2014) that the long-term be-
haviour of axially loaded screws inserted parallel to the grain is very poor. It follows 
that the long-term behaviour of threaded rods (as function of the rod-to-grain angle 
and the embedment length) should be further explored.  
 
6 Conclusions 
 
The withdrawal of axially loaded threaded rods with a diameter of 20 mm, screwed 
into glulam was studied using experimental and analytical methods. The following 
main conclusions are drawn: 
x The withdrawal stiffness and capacity can be estimated by use of a simple analyti-
cal procedure, based on the principle of Volkersen model. 
x The characteristic withdrawal strength, as estimated by EC5 expression, is on the 
safe side especially for rod-to grain angles 20° and 30°.  
x The characteristic withdrawal strengths for rod-to grain angles 0° and 10° are sig-
nificantly smaller than the strengths for greater angles.  
x The capacity of specimens with a rod-to-grain angle equal to 20° was equally relia-
ble as the capacity of specimens with greater angles. 
x Experimental, analytical and numerical results suggest that the increase of with-
drawal stiffness due to increasing embedment length becomes gradually smaller as 
the embedment length increases.  
x According to experimental observation, initial slip did not occur when the steel 
coupling parts of the set-up were tightly fastened. 
x Steel fracture of the rods occurred at load levels which were significantly higher 
than those predicted by the nominal yield and ultimate strength properties of 
steel.  
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Part III: 
Appendices 

A-1 
 
A. Some analytical remarks 
A.1. Secant withdrawal stiffness for various force levels 
The withdrawal displacement can be obtained by subtracting the elongation of 
the rod from the total displacement: 
ߜ௪ = ߜ௧௢௧ െ ܲܭ଴ 
(A.1) 
Here K0 = As·Es/l0 is the axial stiffness of the free part of the rod (l0 = 25mm in the 
present investigation for single rods) which is not embedded in the timber 
element. Equation (A.1) is valid only as long as the rod behaves elastically. Due to 
the small value of l0, the difference between Ɂtot and Ɂw is very small. It is noted 
that any initial slip has been removed from the experimental recordings of Ɂtot. 
The withdrawal stiffness, Kw, was determined by use of Equation (A.2) in 
accordance with EN 26891:1991 (ISO6891:1983) [114]. It is noted that Equation 
(A.2) was very sufficient to fit the linear-elastic part of the curves. In very few 
cases the fitting was manually performed.   
ܭ௪ = 0.4 ή ௘ܲ௦௧4 3Τ ή (ߜ௪.଴ସെ ߜ௪.଴ଵ) 
(A.2) 
In Equation (A.2), Pest is the estimated maximum load for each test and Ɂw.01, Ɂw.04 
are the withdrawal displacements for load levels equal to 10% and 40% of Pest 
respectively. The 40% of the load is assumed to correspond to the serviceability 
limit state. 
Moreover, three secant withdrawal stiffness values (Kw.06, Kw.08, Kw.u) for load 
levels equal to 60%, 80% and 100% of Pu were obtained from the test results for 
all specimens, by dividing each force level with the corresponding withdrawal 
displacement, as shown in Equations (A.3)-(A.5). These results are presented in 
detail for all specimens in Appendix B. 
ܭ௪.଴଺ = 0.6 ή ௨ܲߜ௪.଴଺  
(A.3) 
ܭ௪.଴଼ = 0.8 ή ௨ܲߜ௪.଴଼  
(A.4) 
A-2 
 
ܭ௪.௨ = ௨ܲߜ௪.௨ 
(A.5) 
The secant withdrawal stiffness for load levels 60% and 80% of the maximum 
force are assumed by some researchers, e.g. [58, 59], to correspond to the 
ultimate limit state and the near collapse limit state respectively.  
By use of regression analysis on the experimental results, the secant withdrawal 
stiffness for various load levels was determined as a function of the withdrawal 
stiffness under service load, Kw, and the rod-to-grain angle: 
 
x 60% of maximum force: 
ܭ௪.଴଺
ܭ௪ =
0.93
1.10 ή ݏ݅݊ଶߙ+ ܿ݋ݏଶߙ  
(A.6) 
 
x 80% of maximum force: 
ܭ௪.଴଼
ܭ௪ =
0.85
1.35 ή ݏ݅݊ଶߙ+ ܿ݋ݏଶߙ  
(A.7) 
 
x 100% of maximum force: 
ܭ௪.௨
ܭ௪ =
0.60
1.5 ή ݏ݅݊ଵ.ହߙ+ ܿ݋ݏଵ.ହߙ  
(A.8) 
 
For the derivation of Equation (A.8), results for specimens in which either yielding 
of the rod or excessive axial inelastic deformation of wood below the supports 
(S90-450 series) occurred were excluded from the database. 
 
 
 
 
 
 
A-3 
 
A.2. Effective length 
Equations (4.8)-(4.10) which provide the parameters ȞǤȽ, fw.Ƚ, mȽ have been 
derived assuming l= lef, i.e. assuming that the shear stress at failure is uniformly 
distributed over the entire embedment length of the rod. However, the shear 
stress at the entrance point is zero and therefore a certain length is required for 
the shear stress to build up. Therefore the determination of the withdrawal 
strength by use of the experimental results from specimens with l= 100 mm, may 
result in low values for fw.Ƚ. This is probably one of the reasons for the 
conservatism of the analytical model for increasing embedment lengths.  
As it can be seen from the numerically estimated shear stress distributions in 
Appendix C, the shear stress is lower for a length between the entrance point and 
a coordinate approximately equal to 1-2 pitch distances, depending on Ƚ. 
Moreover, it is reasonable to assume that some damage is accumulated at the 
entrance point during the process of screwing-in. To take these effects into 
account, an effective length, lef, according to Equation (A.9) is assumed: 
݈௘௙ = ݈ െ 0.5 ή ݀ (A.9) 
By use of lef instead of l the corresponding parameters (ȞǤȽ, fw.Ƚ, mȽ) are re-
calculated and by use of regression analysis Equations (A.10)-(A.12) are obtained. 
The results from all specimens have been used for the determination of ȞǤȽ. The 
withdrawal strength fw and the parameter m were derived from the experimental 
results for all specimens with the smallest embedment length, i.e. l = 100 mm (lef = 
90 mm), for which the shear stress distribution at and after failure is assumed to 
be uniformly distributed over lef. It is noted that some additional experimental 
results (which were also used in Paper iv [116]), have been used for the 
determination of fwǤȽ.  
߁௘.ఈכ = 9.651.5 ή sinଶ.ଶߙ + cosଶ.ଶߙ 
(A.10) 
௪݂.ఈכ = 4.700.95 ή sinଶ.ଶߙ+ cosଶ.ଶߙ 
(A.11) 
݉ఈכ = 0.3321.73 ή sinߙ + cosߙ 
(A.12) 
A-4 
Compared to Equations (4.8)-(4.10), mȽ turned out to be unaltered by the 
introduction of Equation (A.9). 
 Due to the lack of additional data in S60-100 series, an expression for the 
characteristic withdrawal strength was not developed. It is worth noting that the 
characteristic withdrawal strength for Ƚ= 0° and lef = 90 mm was found equal to 
௪݂ .଴.௞כ = 3.46 MPa, which is approximately equal to the characteristic shear strength 
of L40c glulam (fv.k = 3.5 MPa). 
The withdrawal capacity and stiffness are plotted as function of l for all Ƚ in 
Figures A.1 and A.2, respectively. The red lines correspond to the analytical 
estimations by use of Equations (4.8)-(4.10) and the red dashed lines correspond 
to the analytical estimations by use of Equations (A.9)-(A.12)). As shown in these 
Figures, the use of an effective length and the corresponding parameters leads to 
less conservative estimations for the withdrawal capacity. There is essentially no 
difference between the stiffness estimations.   
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Figure A.1: Withdrawal capacity as function of the embedment length 
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Figure A.2: Withdrawal stiffness as function of the embedment length 
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In Figure A.3 the analytical model (by use of the modified embedment length and 
the corresponding parameters according to Equations (A.9)-(A.12)) is compared to 
models which are valid for different diameters for screws embedded 
perpendicular to the grain; in particular with the models by Frese and Blaɴ [55] 
and Pirnbacher et al [24, 28]. The material properties of L40c have been used as 
input.  
The withdrawal strength is increasing with decreasing diameter due to the size-
effect. The model by Frese and Blaɴ [55] for d= 14 mm, results in similar strength 
as the obtained strength in the present investigation. However it would result in a 
much lower strength if it was used for d= 20 mm which is outside the range of this 
model. It may be assumed that the size effect takes place up to a certain 
diameter.  
Moreover the analytical estimation for the elastic capacity is provided. The elastic 
capacity would correspond to the actual capacity if a linear constitutive ɒ-Ɂ 
relationship (i.e. maximum stress criterion) was assumed. It is clear that the use of 
maximum stress criterion leads to inaccurate estimations for long threaded rods. 
 
Figure A.3: Analytical model and experimental results vs other models (Ƚ= 90º) 
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A.3. Withdrawal stiffness for pull-shear loading conditions 
According to the analytical model the withdrawal stiffness for an axially loaded 
threaded rod is given by: 
ܭ௪ = Ɏ ή ݀ ή ݈ ή ߁௘ ή tanh߱߱  
(A.13) 
The limits of Equation (A.13) as l approaches zero (short embedment lengths) or 
infinity (long embedment lengths) are given by Equations (A.14) and (A.15). 
According to Equation (A.14) the withdrawal stiffness is linearly dependent on l 
for small values of l. On the other hand, for long embedment lengths the 
withdrawal stiffness is independent of l and its value converges to a constant 
which is given by Equation (A.15). 
lim୪՜଴ ܭ௪ = Ɏ ή ݀ ή ݈ ή ߁௘ (A.14) 
lim୪՜ஶܭ௪ =
Ɏ ή ݀ ή ݈ ή ߁௘
߱ = ඨ
Ɏ ή ݀ ή ߁௘
ߚ  
(A.15) 
Assuming pull-shear loading condition (which is quite common in practice), Aw= ь 
and therefore Ⱦ= 1/AsEs. By substituting Ⱦin Equation (A.15) and by use of the 
limits given by Equations (A.14) and (A.15), an approximating closed-form 
expression for the withdrawal stiffness is obtained:  
ܭ௪ ൎ
ە
ۖ
۔
ۖ
ۓ        ߨ ή ݀ ή ݈ ή ߁௘  ,                        ݈ < 0.85 ή ඨ ܣ௦ ή ܧ௦ߨ ή ݀ ή ߁௘
0.85 ή ඥߨ ή ݀ ή ߁௘ ή ܣ௦ ή ܧ௦ ,     ݈ ൒ 0.85 ή ඨ ܣ௦ ή ܧ௦ߨ ή ݀ ή ߁௘
 (A.16) 
In Equation (A.16), the factor 0.85 has been used to avoid overestimation due to 
the fact that Equation (A.15) always provides an upper limit value. This factor was 
a result of optimization by use of the least squares method for Equations (A.13) 
and (A.16), for screws with varying diameters and angles to the grain. The value of 
Ȟe can be obtained either by Equation (4.8) or Equation (A.10) depending whether 
l or lef is considered. Equations (A.13)-(A.16) are plotted as function of 
embedment length in Figures A.4 and A.5, for d= 10, 20 mm and ɲ= 0°, 30°, 60°, 
90°. The predictions of Equations (2.7) and (2.8) which are proposed in technical 
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approvals are also given in these Figures. As it can be seen the Equations (2.7) and 
(2.8) can lead to very different estimations. Equation (2.8) is generally in good 
agreement with the present approach but only for small values of the embedment 
length. 
 
 
 
Figure A.4: Withdrawal stiffness as function of l for the pull-shear loading 
condition (d= 20mm)
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Figure A.5: Withdrawal stiffness as function of l for the pull-shear loading 
condition (d= 10mm) 
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B.Detailed experimental results 
The experimental results for single rods are provided in detail in this Appendix.  
The experimentally recorded P-Ɂtot curves are plotted together with the analytical 
estimation (red line) for all experimental series. The estimation by use of 
Equations (A.9)-(A.12) is also given (red dashed line). It should be noted that any 
initial slip, which is only due to the fixing details in the experimental setup, has 
been removed from the experimental recordings of Ɂtot. The experimental results 
are summarized in a table containing the following experimentally recorded 
parameters: 
x Failure load (Pu). 
x The displacements which correspond to Pu (Ɂtot.u and Ɂw.u). 
x The withdrawal stiffness (Kw). 
x The secant withdrawal stiffness values (Kw.06, Kw.08, Kw.u) for load levels 
equal to 60%, 80% and 100% of Pu and their ratios over Kw.  
x The mean withdrawal strength (fw= Pu ͬ ʋdl). 
x The equivalent shear stiffness parameters Ȟe and Ȟf and the brittleness 
parameter m where quantified as discussed in Papers I and II [60, 115]. Ȟf 
was determined by fitting a line in the descending part of the ɒmean- Ɂw 
diagram. For long rods, the shear stress distribution along the rod after 
failure may not be uniform and therefore Ȟf represent a mean value. 
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S0-100 series 
Figure B.1: Force-displacement curves for S0-100 series 
Table B.1: Experimental results for S0-100 series 
 S0-100-1 S0-100-2 S0-100-3 S0-100-4 S0-100-5 Mean CoV 
Pu (kN) 25.55 23.67 24.98 33.42 29.09 27.34 0.14 
Ɂtot.u (mm) 0.87 0.87 1.18 1.13 0.93 1.00 0.15 
Ɂw.u (mm) 0.85 0.86 1.16 1.11 0.91 0.98 0.15 
Kw (kN/mm) 50.81 50.73 45.99 68.52 56.81 54.57 0.16 
Kw06 (kN/mm) 49.95 50.66 41.98 62.17 54.81 51.91 0.14 
Kw06/Kw 0.98 1.00 0.91 0.91 0.96 0.95 0.04 
Kw08 (kN/mm) 47.19 34.99 34.25 52.56 50.60 43.92 0.20 
Kw08/Kw 0.93 0.69 0.74 0.77 0.89 0.80 0.13 
Kwu (kN/mm) 29.95 27.67 21.46 30.19 31.99 28.25 0.15 
Kwu/Kw 0.59 0.55 0.47 0.44 0.56 0.52 0.12 
fw (MPa) 4.07 3.77 3.98 5.32 4.63 4.35 0.14 
Ȟe (MPa/mm) 8.54 8.52 7.69 11.74 9.61 9.22 0.17 
Ȟf (MPa/mm) 0.70 0.69 0.77 2.56 0.88 1.12 0.72 
m 0.29 0.29 0.32 0.47 0.30 0.33 0.23 
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S0-300 series 
Figure B.2: Force-displacement curves for S0-300 series 
Table B.2: Experimental results for S0-300 series 
 S0-300-1 S0-300-2 S0-300-3 S0-300-4 S0-300-5 Mean CoV 
Pu (kN) 75.16 104.60 88.20 89.60 91.08 89.73 0.12 
Ɂtot.u (mm) 1.26 1.61 1.12 1.22 1.15 1.28 0.15 
Ɂw.u (mm) 1.21 1.54 1.07 1.16 1.09 1.21 0.16 
Kw (kN/mm) 82.62 157.08 97.96 104.58 162.80 121.01 0.30 
Kw06 (kN/mm) 82.72 130.44 96.78 107.13 138.88 111.19 0.21 
Kw06/Kw 1.00 a 0.83 0.99 1.00 a  0.85 0.93 0.09 
Kw08 (kN/mm) 80.27 102.03 94.60 104.42 121.76 100.62 0.15 
Kw08/Kw 0.97 0.65 0.97 1.00 0.75 0.87 0.18 
Kwu (kN/mm) 61.90 67.97 82.79 77.01 83.36 74.61 0.13 
Kwu/Kw 0.75 0.43 0.85 0.74 0.51 0.66 0.27 
fw (MPa) 3.99 5.55 4.68 4.75 4.83 4.76 0.12 
Ȟe (MPa/mm) 5.71 14.10 7.14 7.80 14.91 9.93 0.43 
Ȟf (MPa/mm) 0.98 0.82 1.85 1.40 0.55 1.12 0.46 
m 0.42 0.24 0.51 0.42 0.19 0.36 0.38 
a value set equal to 1.0
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S0-450 series 
 
Figure B.3: Force-displacement curves for S0-450 series 
  
Table B.3: Experimental results for S0-450 series 
 S0-450-1 S0-450-2 S0-450-3 S0-450-4 S0-450-5 Mean CoV 
Pu (kN) 145.68 110.92 161.04a 147.60 85.52 130.15 0.24 
Ɂtot.u (mm) 2.15 1.74 2.90 2.14 1.00 1.99 0.35 
Ɂw.u (mm) 2.06 1.66 N/Aa 2.04 0.94 1.67 0.31 
Kw (kN/mm) 120.32 108.86 117.75 148.95 113.02 121.78 0.13 
Kw06 (kN/mm) 114.82 97.94 129.46 136.42 110.62 117.85 0.13 
Kw06/Kw 0.95 0.90 1.00b 0.92 0.98 0.95 0.04 
Kw08 (kN/mm) 101.25 86.92 112.97 116.34 109.02 105.30 0.11 
Kw08/Kw 0.84 0.80 0.96 0.78 0.96 0.87 0.10 
Kwu (kN/mm) 70.84 66.68 N/A
a 72.39 91.03 75.23 0.17 
Kwu/Kw 0.59 0.61 N/A
a 0.49 0.81 0.62 0.14 
fw (MPa) 5.15 3.92 5.70 5.22 3.02 4.60 0.21 
Ȟe (MPa/mm) 7.72 6.58 7.45 11.08 6.98 7.96 0.23 
Ȟf (MPa/mm) 2.30 1.13 0.41 2.33 0.30 1.29 0.76 
m 0.55 0.41 0.23 0.46 0.21 0.37 0.39 
a Steel yielding-withdrawal failure, b value set equal to 1.0 
B-5 
 
S0-600 series 
 
Figure B.4: Force-displacement curves for S0-600 series 
 
Table B.4: Experimental results for S0-600 series 
 S0-600-1 S0-600-2 S0-600-3 S0-600-4 S0-600-5 Mean CoV 
Pu (kN) 151.68 169.24a 165.48a 153.28 168.16a 161.57 0.05 
Ɂtot.u (mm) 3.14 3.96 3.67 1.84 3.67 3.26 0.26 
Ɂw.u (mm) N/Aa N/Aa N/Aa 1.74 N/Aa N/Aa N/Aa 
Kw (kN/mm) 103.35 130.58 118.19 127.09 164.01 128.64 0.17 
Kw06 (kN/mm) 98.37 114.76 106.51 126.22 145.93 118.36 0.16 
Kw06/Kw 0.95 0.88 0.90 0.99 0.89 0.92 0.05 
Kw08 (kN/mm) 87.63 100.32 91.06 116.94 125.87 104.36 0.16 
Kw08/Kw 0.85 0.77 0.77 0.92 0.77 0.81 0.08 
Kwu (kN/mm) N/A
a N/Aa N/Aa 88.06 N/A
a N/Aa N/Aa 
Kwu/Kw N/Aa N/Aa N/Aa 0.69 N/A
a N/Aa N/Aa 
fw (MPa) 4.02 4.49 4.39 4.07 4.46 4.29 0.05 
Ȟe (MPa/mm) 5.41 8.18 6.83 7.78 12.57 8.15 0.33 
Ȟf (MPa/mm) 0.60 0.61 0.79 1.83 0.98 0.97 0.53 
m 0.33 0.27 0.34 0.49 0.28 0.34 0.25 
a Steel yielding-withdrawal failure 
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S10-100 series 
 
Figure B.5: Force-displacement curves for S10-100 series 
 
Table B.5: Experimental results for S10-100 series 
 S10-100-1 S10-100-2 S10-100-3 S10-100-4 S10-100-5 Mean CoV 
Pu (kN) 26.10 22.54 34.68 23.33 24.67 26.26 0.19 
Ɂtot.u (mm) 0.66 1.19 0.77 1.18 0.97 0.95 0.25 
Ɂw.u (mm) 0.64 1.18 0.75 1.17 0.95 0.94 0.26 
Kw (kN/mm) 66.92 39.80 72.92 40.11 60.39 56.03 0.27 
Kw06 (kN/mm) 66.74 38.44 72.68 40.61 59.36 55.57 0.28 
Kw06/Kw 1.00 0.97 1.00 1.00
 a 0.98 0.99 0.01 
Kw08 (kN/mm) 63.36 34.74 70.98 35.49 52.31 51.38 0.32 
Kw08/Kw 0.95 0.87 0.97 0.88 0.87 0.91 0.05 
Kwu (kN/mm) 40.68 19.12 46.50 19.97 25.91 30.44 0.41 
Kwu/Kw 0.61 0.48 0.64 0.50 0.43 0.53 0.17 
fw (MPa) 4.15 3.59 5.52 3.71 3.93 4.18 0.19 
Ȟe (MPa/mm) 11.51 6.63 12.64 6.69 10.31 9.56 0.29 
Ȟf (MPa/mm) 0.36 0.45 0.94 0.52 0.38 0.53 0.45 
m 0.18 0.26 0.27 0.28 0.19 0.24 0.20 
a value set equal to 1.0 
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S10-300 series 
 
Figure B.6: Force-displacement curves for S10-300 series 
 
Table B.6: Experimental results for S10-300 series 
 S10-300-1 S10-300-2 S10-300-3 S10-300-4 S10-300-5 Mean CoV 
Pu (kN) 83.12 104.40 105.84 106.64 98.76 99.75 0.10 
Ɂtot.u (mm) 1.20 1.31 1.09 1.59 1.36 1.31 0.14 
Ɂw.u (mm) 1.14 1.24 1.02 1.52 1.29 1.24 0.15 
Kw (kN/mm) 118.14 178.83 144.96 125.91 118.65 137.30 0.19 
Kw06 (kN/mm) 107.41 150.16 141.49 107.63 115.12 124.36 0.16 
Kw06/Kw 0.91 0.84 0.98 0.85 0.97 0.91 0.07 
Kw08 (kN/mm) 91.33 123.18 130.84 92.67 107.83 109.17 0.16 
Kw08/Kw 0.77 0.69 0.90 0.74 0.91 0.80 0.12 
Kwu (kN/mm) 72.88 84.37 103.91 70.35 76.29 81.56 0.17 
Kwu/Kw 0.62 0.47 0.72 0.56 0.64 0.60 0.15 
fw (MPa) 4.41 5.54 5.61 5.66 5.24 5.29 0.10 
Ȟe (MPa/mm) 9.49 18.08 12.89 10.41 9.55 12.08 0.30 
Ȟf (MPa/mm) 0.92 1.87 2.62 2.18 1.40 1.80 0.37 
m 0.31 0.32 0.45 0.46 0.38 0.38 0.18 
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S10-450 series 
 
Figure B.7: Force-displacement curves for S10-450 series 
 
Table B.7: Experimental results for S10-450 series 
 S10-450-1 S10-450-2 S10-450-3 S10-450-4 S10-450-5 Mean CoV 
Pu (kN) 130.00 100.40 149.00 132.76 125.48 127.53 0.14 
Ɂtot.u (mm) 2.06 1.79 1.99 2.25 1.74 1.97 0.11 
Ɂw.u (mm) 1.97 1.72 1.89 2.17 1.65 1.88 0.11 
Kw (kN/mm) 103.09 120.85 170.67 113.14 156.11 132.77 0.22 
Kw06 (kN/mm) 102.92 115.54 131.88 110.17 143.47 120.80 0.14 
Kw06/Kw 1.00 0.96 0.77 0.97 0.92 0.92 0.10 
Kw08 (kN/mm) 95.94 105.33 110.57 100.24 122.11 106.84 0.09 
Kw08/Kw 0.93 0.87 0.65 0.89 0.78 0.82 0.14 
Kwu (kN/mm) 66.01 58.24 78.71 61.31 75.89 68.03 0.13 
Kwu/Kw 0.64 0.48 0.46 0.54 0.49 0.52 0.14 
fw (MPa) 4.60 3.55 5.27 4.70 4.44 4.51 0.14 
Ȟe (MPa/mm) 6.23 8.06 14.81 7.23 12.57 9.78 0.38 
Ȟf (MPa/mm) 1.15 0.46 1.44 0.50 0.96 0.90 0.47 
m 0.43 0.24 0.31 0.26 0.28 0.30 0.25 
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Figure B.8: Force-displacement curves for S10-600 series 
 
Table B.8: Experimental results for S10-600 series 
 S10-600-1 S10-600-2 S10-600-3 S10-600-4 S10-600-5 Mean CoV 
Pu (kN) 176.52a 171.52b 175.32a 177.44a 164.68b 173.10 0.03 
Ɂtot.u (mm) 7.41 4.23 6.35 6.68 3.07 5.55 0.33 
Ɂw.u (mm) N/Aa N/Ab N/Aa N/Aa N/Ab N/A N/A 
Kw (kN/mm) 122.19 126.71 138.60 130.63 137.30 131.08 0.05 
Kw06 (kN/mm) 107.37 115.35 124.07 121.41 123.09 118.26 0.06 
Kw06/Kw 0.88 0.91 0.90 0.93 0.90 0.90 0.02 
Kw08 (kN/mm) 90.36 97.53 101.36 105.78 104.16 99.84 0.06 
Kw08/Kw 0.74 0.77 0.73 0.81 0.76 0.76 0.04 
Kwu (kN/mm) N/A
a N/Ab N/Aa N/Aa N/Ab N/A N/A 
Kwu/Kw N/Aa N/Ab N/Aa N/Aa N/Ab N/A N/A 
fw (MPa) N/Aa 4.55 N/A
a N/Aa 4.37 N/A N/A 
Ȟe (MPa/mm) 7.55 8.07 9.54 8.54 9.37 8.61 0.10 
Ȟf (MPa/mm) N/Aa 1.12 N/Aa N/Aa 0.65 N/A N/A 
m N/Aa 0.37 N/Aa N/Aa 0.26 N/A N/A 
a Steel yielding and fracture b Steel yielding-withdrawal failure 
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Figure B.9: Force-displacement curves for S20-100 series 
 
Table B.9: Experimental results for S20-100 series 
 S20-100-1 S20-100-2 S20-100-3 S20-100-4 S20-100-5 Mean CoV 
Pu (kN) 21.63 26.58 31.66 32.95 39.63 30.49 0.22 
Ɂtot.u (mm) 1.16 1.38 1.12 1.13 0.89 1.14 0.15 
Ɂw.u (mm) 1.14 1.36 1.10 1.11 0.87 1.12 0.16 
Kw (kN/mm) 42.98 51.92 72.68 42.96 58.60 53.83 0.23 
Kw06 (kN/mm) 43.68 50.04 68.51 42.55 59.27 52.81 0.21 
Kw06/Kw 1.00
 a 0.96 0.94 0.99 1.00
 a 0.98 0.03 
Kw08 (kN/mm) 41.91 48.83 46.75 42.54 57.92 47.59 0.14 
Kw08/Kw 0.98 0.94 0.64 0.99 0.99 0.91 0.16 
Kwu (kN/mm) 18.90 19.55 28.74 29.80 45.79 28.56 0.38 
Kwu/Kw 0.44 0.38 0.40 0.69 0.78 0.54 0.35 
fw (MPa) 3.44 4.23 5.04 5.24 6.31 4.85 0.22 
Ȟe (MPa/mm) 7.30 8.93 12.92 7.29 10.19 9.33 0.25 
Ȟf (MPa/mm) 0.26 0.28 0.96 0.69 1.06 0.65 0.57 
m 0.19 0.18 0.27 0.31 0.32 0.25 0.26 
a value set equal to 1.0 
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Figure B.10: Force-displacement curves for S20-300 series 
 
Table B.10: Experimental results for S20-300 series 
 S20-300-1 S20-300-2 S20-300-3 S20-300-4 S20-300-5 Mean CoV 
Pu (kN) 81.48 107.12 96.84 107.44 100.56 98.69 0.11 
Ɂtot.u (mm) 1.42 1.40 1.64 2.24 1.79 1.70 0.20 
Ɂw.u (mm) 1.36 1.33 1.57 2.17 1.72 1.63 0.21 
Kw (kN/mm) 105.73 165.33 111.73 111.31 135.49 125.92 0.20 
Kw06 (kN/mm) 96.90 137.75 109.61 104.78 123.24 114.45 0.14 
Kw06/Kw 0.92 0.83 0.98 0.94 0.91 0.92 0.06 
Kw08 (kN/mm) 87.49 121.78 102.03 90.97 107.12 101.88 0.13 
Kw08/Kw 0.83 0.74 0.91 0.82 0.79 0.82 0.08 
Kwu (kN/mm) 59.74 80.45 61.65 49.61 58.41 61.97 0.18 
Kwu/Kw 0.57 0.49 0.55 0.45 0.43 0.50 0.12 
fw (MPa) 4.32 5.68 5.14 5.70 5.33 5.24 0.11 
Ȟe (MPa/mm) 8.53 17.20 9.25 9.20 12.41 11.32 0.32 
Ȟf (MPa/mm) 0.51 0.82 0.56 0.75 0.68 0.66 0.20 
m 0.24 0.22 0.25 0.29 0.23 0.25 0.10 
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Figure B.11: Force-displacement curves for S20-450 series 
 
Table B.11: Experimental results for S20-450 series 
 S20-450-1 S20-450-2 S20-450-3 S20-450-4 S20-450-5 Mean CoV 
Pu (kN) 146.48 135.00 139.44 149.08 158.88 145.78 0.06 
Ɂtot.u (mm) 2.19 2.03 1.90 2.57 2.53 2.24 0.13 
Ɂw.u (mm) 2.09 1.94 1.80 2.47 2.42 2.15 0.14 
Kw (kN/mm) 146.80 96.79 134.68 113.55 116.68 121.70 0.16 
Kw06 (kN/mm) 133.37 96.61 120.74 112.18 108.67 114.31 0.12 
Kw06/Kw 0.91 1.00 0.90 0.99 0.93 0.94 0.05 
Kw08 (kN/mm) 110.92 91.43 107.75 94.33 97.56 100.40 0.08 
Kw08/Kw 0.76 0.94 0.80 0.83 0.84 0.83 0.08 
Kwu (kN/mm) 70.13 69.50 77.36 60.29 65.59 68.57 0.09 
Kwu/Kw 0.48 0.72 0.57 0.53 0.56 0.57 0.16 
fw (MPa) 5.18 4.77 4.93 5.27 5.62 5.16 0.06 
Ȟe (MPa/mm) 12.02 5.92 10.30 7.67 8.03 8.79 0.27 
Ȟf (MPa/mm) 0.56 0.53 0.58 0.57 0.61 0.57 0.05 
m 0.22 0.30 0.24 0.27 0.27 0.26 0.13 
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Figure B.12: Force-displacement curves for S20-600 series 
 
Table B.12: Experimental results for S20-600 series 
 S20-600-1 S20-600-2 S20-600-3 S20-600-4 S20-600-5 Mean CoV 
Pu (kN) 175.12a 176.68a 176.16a 175.68a 174.68a 175.66 0.01 
Ɂtot.u (mm) 6.54 6.16 6.37 7.09 6.53 6.54 0.05 
Ɂw.u (mm) N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
Kw (kN/mm) 216.1
b 153.50 129.01 115.13 114.39 128.01 0.14 
Kw06 (kN/mm) 154.4
b 135.89 110.00 101.73 104.46 113.02 0.14 
Kw06/Kw N/A 0.89 0.85 0.88 0.91 0.88 0.03 
Kw08 (kN/mm) 109.4
b 116.42 92.83 87.84 90.71 96.95 0.14 
Kw08/Kw N/A 0.76 0.72 0.76 0.79 0.76 0.04 
Kwu (kN/mm) N/A
a N/Aa N/Aa N/Aa N/Aa N/A N/A 
Kwu/Kw N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
fw (MPa) N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
Ȟe (MPa/mm) 24.21b 12.33 8.84 7.15 7.07 8.85 0.28 
Ȟf (MPa/mm) N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
m N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
a Steel yielding and fracture, b Excluded as outlier, not used in the mean and CoV va lues  
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S30-100 series 
 
Figure B.13: Force-displacement curves for S30-100 series 
 
Table B.13: Experimental results for S30-100 series 
 S30-100-1 S30-100-2 S30-100-3 S30-100-4 S30-100-5 Mean CoV 
Pu (kN) 22.37 23.90 30.59 27.03 31.32 27.04 0.15 
Ɂtot.u (mm) 2.02 0.76 2.10 1.72 1.78 1.68 0.32 
Ɂw.u (mm) 2.01 0.74 2.08 1.70 1.76 1.66 0.32 
Kw (kN/mm) 29.22 58.02 33.85 49.95 41.92 42.59 0.27 
Kw06 (kN/mm) 28.96 55.58 34.67 48.13 42.66 42.00 0.25 
Kw06/Kw 0.99 0.96 1.00 a 0.96 1.00 a 0.98 0.02 
Kw08 (kN/mm) 28.88 50.14 32.15 43.61 34.69 37.89 0.23 
Kw08/Kw 0.99 0.86 0.95 0.87 0.83 0.90 0.07 
Kwu (kN/mm) 11.15 32.20 14.69 15.90 17.76 18.34 0.44 
Kwu/Kw 0.38 0.56 0.43 0.32 0.42 0.42 0.21 
fw (MPa) 3.56 3.80 4.87 4.30 4.98 4.30 0.15 
Ȟe (MPa/mm) 4.93 10.40 5.77 8.80 7.26 7.43 0.30 
Ȟf (MPa/mm) 0.16 0.16 0.56 0.31 0.25 0.29 0.56 
m 0.18 0.12 0.31 0.19 0.19 0.20 0.34 
a value set equal to 1.0 
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S30-300 series 
 
Figure B.14: Force-displacement curves for S30-300 series 
 
Table B.14: Experimental results for S30-300 series 
 S30-300-1 S30-300-2 S30-300-3 S30-300-4 S30-300-5 Mean CoV 
Pu (kN) 100.00 96.60 118.00 90.56 94.32 99.90 0.11 
Ɂtot.u (mm) 2.16 2.54 1.91 1.89 2.21 2.14 0.12 
Ɂw.u (mm) 2.10 2.47 1.83 1.83 2.15 2.08 0.13 
Kw (kN/mm) 95.02 110.28 171.84
a 124.87 114.79 111.24 0.11 
Kw06 (kN/mm) 88.80 98.94 131.03
a 110.35 101.01 99.77 0.09 
Kw06/Kw 0.93 0.90 N/A 0.88 0.88 0.90 0.03 
Kw08 (kN/mm) 76.78 73.30 106.07
a 88.07 86.34 81.12 0.09 
Kw08/Kw 0.81 0.66 N/A 0.71 0.75 0.73 0,08 
Kwu (kN/mm) 47.72 39.05 64.36
 a 49.39 43.93 45.02 0.10 
Kwu/Kw 0.50 0.35 N/A 0.40 0.38 0.41 0.16 
fw (MPa) 5.31 5.12 6.26 4.80 5.00 5.06 0.04 
Ȟe (MPa/mm) 8.02 10.08 21.49a 12.31 10.74 10.29 0,17 
Ȟf (MPa/mm) 0.48 0.47 0.63 0.38 0.46 0.48 0.19 
m 0.24 0.22 0.17 0.18 0.20 0.20 0.15 
a Excluded as outlier, not used in the mean and CoV va lues 
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S30-450 series 
 
Figure B.15: Force-displacement curves for S30-450 series 
 
Table B.15: Experimental results for S30-450 series 
 S30-450-1 S30-450-2 S30-450-3 S30-450-4 S30-450-5 Mean CoV 
Pu (kN) 140.84 148.88 138.28 130.04 165.20a 144.65 0.09 
Ɂtot.u (mm) 2.88 2.65 2.74 3.06 4.03 3.07 0.18 
Ɂw.u (mm) 2.79 2.55 2.65 2.97 N/Aa 2.74 0.07 
Kw (kN/mm) 105.37 114.37 97.43 85.98 98.58 100.35 0.10 
Kw06 (kN/mm) 89.46 105.62 86.86 80.84 96.34 91.83 0.10 
Kw06/Kw 0.85 0.92 0.89 0.94 0.98 0.92 0.05 
Kw08 (kN/mm) 77.58 90.80 77.68 70.86 85.88 80.56 0.10 
Kw08/Kw 0.74 0.79 0.80 0.82 0.87 0.80 0.06 
Kwu (kN/mm) 50.48 58.37 52.23 43.74 N/A
a 51.2 0.12 
Kwu/Kw 0.48 0.51 0.54 0.51 N/A
a 0.51 0.05 
fw (MPa) 4.98 5.27 4.89 4.60 5.84 5.12 0.09 
Ȟe (MPa/mm) 7.57 8.74 6.62 5.39 6.75 7.01 0.18 
Ȟf (MPa/mm) 0.41 0.45 0.42 0.39 0.51 0.43 0.11 
m 0.23 0.23 0.25 0.27 0.27 0.25 0.08 
a Steel yielding 
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S30-600 series 
 
Figure B.16: Force-displacement curves for S30-600 series 
 
Table B.16: Experimental results for S30-600 series 
 S30-600-1 S30-600-2 S30-600-3 S30-600-4 S30-600-5 Mean CoV 
Pu (kN) 177.32a 175.76a 176.52a 176.12a 177.92a 176.73 0.01 
Ɂtot.u (mm) 6.24 6.68 6.96 7.04 6.37 6.66 0.05 
Ɂw.u (mm) N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
Kw (kN/mm) 125.93 92.88 121.75 114.97 118.64 114.83 0.11 
Kw06 (kN/mm) 107.31 86.25 100.10 96.38 100.95 98.20 0.08 
Kw06/Kw 0.85 0.93 0.82 0.84 0.85 0.86 0.05 
Kw08 (kN/mm) 90.58 76.25 81.37 81.62 87.92 83.55 0.07 
Kw08/Kw 0.72 0.82 0.67 0.71 0.74 0.73 0.08 
Kwu (kN/mm) N/A
a N/Aa N/Aa N/Aa N/Aa N/A N/A 
Kwu/Kw N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
fw (MPa) N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
Ȟe (MPa/mm) 9.52 5.40 8.92 8.00 8.49 8.07 0.20 
Ȟf (MPa/mm) N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
m N/Aa N/Aa N/Aa N/Aa N/Aa N/A N/A 
a Steel yielding and fracture 
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S60-100 series 
 
Figure B.17: Force-displacement curves for S60-100 series 
 
Table B.17: Experimental results for S60-100 series 
 S60-100-1 S60-100-2 S60-100-3 S60-100-4 S60-100-5 Mean CoV 
Pu (kN) 33.16 28.10 25.72 34.38 20.96 28.46 0.19 
Ɂtot.u (mm) 2.06 2.46 2.10 2.23 2.39 2.25 0.08 
Ɂw.u (mm) 2.04 2.44 2.08 2.21 2.37 2.23 0.08 
Kw (kN/mm) 34.47 45.96 42.71 43.70 16.28 36.62 0.33 
Kw06 (kN/mm) 33.92 40.15 40.64 37.97 15.59 33.65 0.31 
Kw06/Kw 0.98 0.87 0.95 0.87 0.96 0.93 0.06 
Kw08 (kN/mm) 30.62 27.34 31.22 27.26 13.84 26.06 0.27 
Kw08/Kw 0.89 0.59 0.73 0.62 0.85 0.74 0.18 
Kwu (kN/mm) 16.26 11.53 12.35 15.57 8.84 12.91 0.24 
Kwu/Kw 0.47 0.25 0.29 0.36 0.54 0.38 0.32 
fw (MPa) 5.28 4.47 4.09 5.47 3.34 4.53 0.19 
Ȟe (MPa/mm) 6.31 8.83 8.10 8.32 2.76 6.86 0.36 
Ȟf (MPa/mm) 0.17 0.22 0.15 0.18 0.08 0.16 0.31 
m 0.16 0.16 0.14 0.15 0.17 0.16 0.09 
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S60-300 series 
 
Figure B.18: Force-displacement curves for S60-300 series 
 
Table B.18: Experimental results for S60-300 series 
 S60-300-1 S60-300-2 S60-300-3 S60-300-4 S60-300-5 Mean CoV 
Pu (kN) 97.64 101.28 73.60 101.24 94.08 93.57 0.12 
Ɂtot.u (mm) 2.79 3.60 2.88 3.43 3.05 3.15 0.11 
Ɂw.u (mm) 2.73 3.53 2.83 3.36 2.98 3.09 0.11 
Kw (kN/mm) 91.58 56.80 67.86 74.58 76.59 73.48 0.17 
Kw06 (kN/mm) 78.41 56.35 62.75 65.09 68.92 66.30 0.12 
Kw06/Kw 0.86 0.99 0.92 0.87 0.90 0.91 0.06 
Kw08 (kN/mm) 62.51 50.27 51.98 49.73 56.80 54.26 0.10 
Kw08/Kw 0.68 0.89 0.77 0.67 0.74 0.75 0.12 
Kwu (kN/mm) 35.83 28.66 26.03 30.14 31.54 30.44 0.12 
Kwu/Kw 0.39 0.50 0.38 0.40 0.41 0.42 0.12 
fw (MPa) 5.18 5.37 3.90 5.37 4.99 4.96 0.12 
Ȟe (MPa/mm) 10.80 4.90 6.47 7.56 7.91 7.53 0.29 
Ȟf (MPa/mm) 0.18 0.09 0.11 0.23 0.17 0.16 0.36 
m 0.13 0.14 0.13 0.18 0.15 0.14 0.13 
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S60-450 series 
 
Figure B.19: Force-displacement curves for S60-450 series 
 
Table B.19: Experimental results for S60-450 series 
 S60-450-1 S60-450-2 S60-450-3 S60-450-4 S60-450-5 Mean CoV 
Pu (kN) 144.36 138.32 142.40 147.24 136.24 141.71 0.03 
Ɂtot.u (mm) 5.59 4.56 5.44 5.67 4.44 5.14 0.11 
Ɂw.u (mm) 5.49a 4.46a 5.34a 5.57a 4.35a 5.04 0.12 
Kw (kN/mm) 97.01 85.03 77.86 97.75 93.06 90.14 0.09 
Kw06 (kN/mm) 63.21 70.21 61.58 72.71 79.44 69.43 0.10 
Kw06/Kw 0.65 0.83 0.79 0.74 0.85 0.77 0.10 
Kw08 (kN/mm) 45.53 53.15 46.07 48.58 59.88 50.64 0.12 
Kw08/Kw 0.47 0.63 0.59 0.50 0.64 0.57 0.14 
Kwu (kN/mm) 26.28
 a 30.99 a 26.67 a 26.43a 31.31a 28.34 0.09 
Kwu/Kw 0.27 a 0.36 a 0.34 a 0.27 a 0.34 a 0.32 0.14 
fw (MPa) 5.11 4.89 5.04 5.21 4.82 5.01 0.03 
Ȟe (MPa/mm) 10.41 8.08 6.85 10.57 9.61 9.10 0.18 
Ȟf (MPa/mm) 0.19 0.11 0.24 0.32 0.22 0.22 0.35 
m 0.13 0.12 0.19 0.17 0.15 0.15 0.19 
a Values may be influenced by inelastic behaviour of wood below the supports 
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S90-100 series 
 
Figure B.20: Force-displacement curves for S90-100 series 
 
Table B.20: Experimental results for S90-100 series 
 S90-100-1 S90-100-2 S90-100-3 S90-100-4 S90-100-5 Mean CoV 
Pu (kN) 30.70 33.43 30.36 25.39 29.78 29.93 0.10 
Ɂtot.u (mm) 2.61 2.77 2.35 3.18 3.03 2.79 0.12 
Ɂw.u (mm) 2.59 2.75 2.33 3.16 3.01 2.77 0.12 
Kw (kN/mm) 19.00 32.54 42.00 22.28 29.42 29.05 0.31 
Kw06 (kN/mm) 18.65 31.46 35.67 19.67 27.57 26.60 0.28 
Kw06/Kw 0.98 0.97 0.85 0.88 0.94 0.92 0.06 
Kw08 (kN/mm) 16.28 23.12 24.94 14.74 20.99 20.02 0.22 
Kw08/Kw 0.86 0.71 0.59 0.66 0.71 0.71 0.14 
Kwu (kN/mm) 11.87 12.17 13.03 8.04 9.90 11.00 0.18 
Kwu/Kw 0.62 0.37 0.31 0.36 0.34 0.40 0.32 
fw (MPa) 4.89 5.32 4.83 4.04 4.74 4.76 0.10 
Ȟe (MPa/mm) 3.32 6.11 8.30 3.96 5.43 5.43 0.36 
Ȟf (MPa/mm) 0.19 0.13 0.15 0.20 0.25 0.18 0.25 
m 0.24 0.15 0.14 0.23 0.21 0.19 0.25 
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S90-300 series 
 
Figure B.21: Force-displacement curves for S90-300 series 
 
Table B.21: Experimental results for S90-300 series 
 S90-300-1 S90-300-2 S90-300-3 S90-300-4 S90-300-5 Mean CoV 
Pu (kN) 88.88 92.44 96.48 107.48 97.24 96.50 0.07 
Ɂtot.u (mm) 4.38 3.47 4.41 4.95 5.07 4.46 0.14 
Ɂw.u (mm) 4.32 3.41 4.34 4.88 5.00 4.39 0.14 
Kw (kN/mm) 58.76 66.67 67.68 63.00 50.86 61.39 0.11 
Kw06 (kN/mm) 48.85 58.22 52.41 49.96 43.28 50.54 0.11 
Kw06/Kw 0.83 0.87 0.77 0.79 0.85 0.82 0.05 
Kw08 (kN/mm) 36.85 49.36 40.53 37.49 33.74 39.59 0.15 
Kw08/Kw 0.63 0.74 0.60 0.60 0.66 0.64 0.09 
Kwu (kN/mm) 20.56 27.14 22.22 22.02 19.43 22.28 0.13 
Kwu/Kw 0.35 0.41 0.33 0.35 0.38 0.36 0.09 
fw (MPa) 4.72 4.90 5.12 5.70 5.16 5.12 0.07 
Ȟe (MPa/mm) 5.76 7.13 7.32 6.47 4.57 6.25 0.18 
Ȟf (MPa/mm) 0.33 0.24 0.33 0.36 0.24 0.30 0.19 
m 0.24 0.18 0.21 0.23 0.23 0.22 0.11 
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S90-450 series 
 
Figure B.22: Force-displacement curves for S90-450 series 
 
Table B.22: Experimental results for S90-450 series 
 S90-450-1 S90-450-2 S90-450-3 S90-450-4 S90-450-5 Mean CoV 
Pu (kN) 131.48 138.80 145.04 148.12 132.32 139.15 0.05 
Ɂtot.u (mm) 6.05 10.03 10.13 12.77 8.49 9.49 0.26 
Ɂw.u (mm) 5.96 a 9.94 a 10.03 a 12.67 a 8.40 a 9.40 0.26 
Kw (kN/mm) 76.61 64.12 49.15 74.30 69.03 66.64 0.16 
Kw06 (kN/mm) 55.22 48.25 45.61 48.67 54.22 50.39 0.08 
Kw06/Kw 0.72 0.75 0.93 0.66 0.79 0.77 0.13 
Kw08 (kN/mm) 35.30 30.25 31.69 30.07 29.32 31.33 0.08 
Kw08/Kw 0.46 0.47 0.64 0.40 0.42 0.48 0.20 
Kwu (kN/mm) 22.07
 a 13.97 a 14.46 a 11.69 a 15.75 a 15.59 a 0.25 
Kwu/Kw 0.29 a 0.22 a 0.29 a 0.16 a 0.23 a 0.24 a 0.24 
fw (MPa) 4.65 4.91 5.13 5.24 4.68 4.92 0.05 
Ȟe (MPa/mm) 7.79 5.56 3.46 7.34 6.38 6.10 0.28 
Ȟf (MPa/mm) 0.29 0.33 0.38 0.12 0.23 0.27 0.37 
m 0.19 0.24 0.33 0.13 0.19 0.22 0.35 
a Values influenced by inelastic behaviour of wood below the supports 
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C.Detailed numerical results  
The numerical results for the single rod specimens are presented in detail in this 
appendix. In two simulations (specimens S0-450-5 and S90-450-2), the actual 
annular ring pattern of the laminations of these specimens has been described 
and wood was modelled as orthotropic. The results of these simulations showed 
that the difference between modelling wood as orthotropic and transversely 
isotropic is small and therefore wood was modelled as transversely isotropic in 
the other simulations. The material properties given in Table 1 were used for the 
simulations. A full description of the FE model is given in Paper i [60].   
Table C.1:  Material properties for numerical simulations 
Material Material property Symbol Transversely 
Isotropic 
Orthotropic 
Wood 
Young’s Moduli (MPa) 
EL 13000 13000 
ER 
410 
820 
ET 410 
Shear Moduli (MPa) 
GLR = GLT 760 760 
GRT 30 30 
Poisson ratios 
ɋLR 
0.60 
0.50 
ɋLT 0.70 
ɋTR 
0.60 0.60 ɋRT 
Steel 
Young’s Modulus (MPa) Es 210000 
Poisson ratio ɋ 0.30 
Wood-
steel Friction coefficient Ɋ 0.20 
 
The following numerical results for each simulation (for a unit withdrawal force P= 
1kN) are presented: 
x The lengthwise distributions of shear stresses: The shear stresses are 
given for the centroid of the finite elements at the interface (the nodal 
shear stresses have also been quantified but the differences were very 
small). The shear stress distribution for each circumferential path (16 in 
total) of the interface together with the mean shear stress are provided 
(the maximum mean shear stress is given in a table). The analytical 
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estimation for the shear stress distribution along the rod length is also 
given.  
x The axial stress distribution in the rod: The axial stress in the rod is 
normalized by the maximum stress, ɐs(0)= P/As and compared to the 
analytical estimation which is also provided. 
x The lengthwise displacement distributions: The displacements of the rod 
and the wood at the interface with respect to the supports are provided. 
The mean displacement distribution and the individual displacement 
distributions for 16 circumferential nodes of the interface are plotted. The 
mean relative slip distribution, Ɂslip(xe), obtained as the subtraction of the 
mean wood interfacial displacement from the displacement of the 
threaded rod, is also plotted. The numerical estimations for the 
withdrawal stiffness, the withdrawal displacement and the relative slip at 
the entrance are given in a table. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C-3 
 
S0-100 series
Figure C.1: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S0-100
(P= 1kN) 
 
Table C.2: Numerical results for S0-100 (P= 1kN) 
Kw (kN/mm) 109.80
Ɂw (mm) 0.0091
Ɂslip (mm) 0.0040
Ɂslip / Ɂw 0.44
ɒmax (MPa) 0.24 
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S0-300 series
Figure C.2: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S0-300
(P= 1kN) 
 
Table C.3: Numerical results for S0-300 (P= 1kN) 
Kw (kN/mm) 150.9
Ɂw (mm) 0.0066
Ɂslip (mm) 0.0028
Ɂslip / Ɂw 0.42
ɒmax (MPa) 0.086
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S0-450 series
Figure C.3: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S0-450
(P= 1kN) 
 
Table C.4: Numerical results for S0-450 (P= 1kN) 
Kw (kN/mm) 163.2
Ɂw (mm) 0.0061
Ɂslip (mm) 0.0027
Ɂslip / Ɂw 0.44
ɒmax (MPa) 0.083
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S0-450-5 (wood modelled as orthotropic)
 
Figure C.4: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S0-450-5 
(P= 1kN) – dashed lines correspond to the transverse isotropy solution 
 
Table C.5: Numerical results for S0-450-5 (P= 1kN)  
Kw (kN/mm) 171.6
ɷw (mm) 0.0058 
ɷslip (mm) 0.0022 
ɷslip / ɷw 0.38
ʏmax (MPa) 0.091
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S0-600 series
Figure C.5: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S0-600
(P= 1kN) 
 
Table C.6: Numerical results for S0-600 (P= 1kN) 
Kw (kN/mm) 165.9
Ɂw (mm) 0.0060
Ɂslip (mm) 0.0027
Ɂslip / Ɂw 0.44
ɒmax (MPa) 0.082
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S10-100 series
Figure C.6: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S10-100
(P= 1kN) 
Table C.7: Numerical results for S10-100 (P= 1kN) 
Kw (kN/mm) 108.2
Ɂw (mm) 0.0092
Ɂslip (mm) 0.0039
Ɂslip / Ɂw 0.42
ɒmax (MPa) 0.236
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S10-300 series
Figure C.7: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S10-300
(P= 1kN) 
 
Table C.8: Numerical results for S10-300 (P= 1kN) 
Kw (kN/mm) 150.0
Ɂw (mm) 0.0067
Ɂslip (mm) 0.0027
Ɂslip / Ɂw 0.41
ɒmax (MPa) 0.089
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S10-450 series
Figure C.8: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S10-450
(P= 1kN) 
 
Table C.9: Numerical results for S10-450 (P= 1kN) 
Kw (kN/mm) 161.9
Ɂw (mm) 0.0062
Ɂslip (mm) 0.0026
Ɂslip / Ɂw 0.42
ɒmax (MPa) 0.085
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S10-600 series
Figure C.9: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S10-600
(P= 1kN) 
 
Table C.10: Numerical results for S10-600 (P= 1kN) 
Kw (kN/mm) 164.5
ɷw (mm) 0.0061 
ɷslip (mm) 0.0026 
ɷslip / ɷw 0.43
ʏmax (MPa) 0.084 
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S20-100 series
Figure C.10: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S20-
100 (P= 1kN) 
 
Table C.11: Numerical results for S20-100 (P= 1kN) 
Kw (kN/mm) 101.8
Ɂw (mm) 0.0098
Ɂslip (mm) 0.0037
Ɂslip / Ɂw 0.37
ɒmax (MPa) 0.221
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S20-300 series
Figure C.11: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S20-
300 (P= 1kN) 
 
Table C.12: Numerical results for S20-300 (P= 1kN) 
Kw (kN/mm) 144.4
Ɂw (mm) 0.0069
Ɂslip (mm) 0.0025
Ɂslip / Ɂw 0.37
ɒmax (MPa) 0.095
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S20-450 series
Figure C.12: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S20-
450 (P= 1kN) 
 
Table C.13: Numerical results for S20-450 (P= 1kN) 
Kw (kN/mm) 155.9
Ɂw (mm) 0.0064
Ɂslip (mm) 0.0024
Ɂslip / Ɂw 0.38
ɒmax (MPa) 0.091
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S20-600 series
Figure C.13: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S20-
600 (P= 1kN) 
 
Table C.14: Numerical results for S20-600 (P= 1kN) 
Kw (kN/mm) 159.0
Ɂw (mm) 0.0063
Ɂslip (mm) 0.0024
Ɂslip / Ɂw 0.38
ɒmax (MPa) 0.090
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S30-100 series
Figure C.14: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S30-
100 (P= 1kN) 
 
Table C.15: Numerical results for S30-100 (P= 1kN) 
Kw (kN/mm) 90.8
ɷw (mm) 0.011 
ɷslip (mm) 0.0034 
ɷslip / ɷw 0.31
ʏmax (MPa) 0.211 
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S30-300 series
Figure C.15: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S30-
300 (P= 1kN) 
 
Table C.16: Numerical results for S30-300 (P= 1kN) 
Kw (kN/mm) 131.9
Ɂw (mm) 0.0076
Ɂslip (mm) 0.0023
Ɂslip / Ɂw 0.30
ɒmax (MPa) 0.102
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S30-450 series
Figure C.16: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S30-
450 (P= 1kN) 
 
Table C.17: Numerical results for S30-450 (P= 1kN) 
Kw (kN/mm) 141.1
Ɂw (mm) 0.0071
Ɂslip (mm) 0.0022
Ɂslip / Ɂw 0.31
ɒmax (MPa) 0.098
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S30-600 series
Figure C.17: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S30-
600 (P= 1kN) 
 
Table C.18: Numerical results for S30-600 (P= 1kN) 
Kw (kN/mm) 143.3
Ɂw (mm) 0.0070
Ɂslip (mm) 0.0022
Ɂslip / Ɂw 0.31
ɒmax (MPa) 0.096
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S60-100 series
Figure C.18: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S60-
100 (P= 1kN) 
 
Table C.19: Numerical results for S60-100 (P= 1kN) 
Kw (kN/mm) 57.8 
Ɂw (mm) 0.0173
Ɂslip (mm) 0.0033
Ɂslip / Ɂw 0.19
ɒmax (MPa) 0.195
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S60-300 series
Figure C.19: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S60-
300 (P= 1kN) 
 
Table C.20: Numerical results for S60-300 (P= 1kN) 
Kw (kN/mm) 82.5 
Ɂw (mm) 0.0121
Ɂslip (mm) 0.0022
Ɂslip / Ɂw 0.18
ɒmax (MPa) 0.101
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S60-450 series
Figure C.20: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S60-
450 (P= 1kN) 
 
Table C.21: Numerical results for S60-450 (P= 1kN) 
Kw (kN/mm) 85.0 
Ɂw (mm) 0.012
Ɂslip (mm) 0.0022
Ɂslip / Ɂw 0.18
ɒmax (MPa) 0.097
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S90-100 series
Figure C.21: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S90-
100 (P= 1kN) 
 
Table C.22: Numerical results for S90-100 (P= 1kN) 
Kw (kN/mm) 48.8 
Ɂw (mm) 0.0205
Ɂslip (mm) 0.0035
Ɂslip / Ɂw 0.17
ɒmax (MPa) 0.196
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S90-300 series
Figure C.22: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S90-
300 (P= 1kN) 
 
Table C.23: Numerical results for S90-300 (P= 1kN) 
Kw (kN/mm) 68.9 
Ɂw (mm) 0.0145
Ɂslip (mm) 0.0025
Ɂslip / Ɂw 0.17
ɒmax (MPa) 0.105
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S90-450 series
Figure C.23: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S90-
450 (P= 1kN) 
 
Table C.24: Numerical results for S90-450 (P= 1kN) 
Kw (kN/mm) 70.8 
Ɂw (mm) 0.0141
Ɂslip (mm) 0.0024
Ɂslip / Ɂw 0.17
ɒmax (MPa) 0.101
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S90-450-2 (wood modelled as orthotropic) 
 
Figure C.24: Lengthwise distributions of ɒ(xe), ɐs(xe) and displacements for S90-
450-2 (P= 1kN) – dashed lines correspond to the transverse isotropy solution
 
Table C.25: Numerical results for S90-450-2 (P= 1kN)  
Kw (kN/mm) 77.6
Ɂw (mm) 0.0129
Ɂslip (mm) 0.0025
Ɂslip / Ɂw 0.19
ɒmax (MPa) 0.138
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